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Project  Study  1: 

Novel  Astrocyte  Signaling  Therapy  to  Promote  Neuronal  Regrowth  and  Suppress 
Glial  Scarring  During  Traumatic  Brain  and  Spinal  Cord  Injury 


Principal  Investigator:  Lilly  Y.W.  Bourguignon,  Ph.D.,  Professor  of  Medicine 


ABSTRACT 

Traumatic  spinal  cord  injury  (SCI)  of  combat  soldiers  can  greatly  increase  morbidity/mortality 
and  significantly  delay  or  prevent  their  return  to  normal  physical  activities.  Functional  recovery 
after  serious  traumatic  SCI  remains  limited.  This  study  focuses  on  specific  aspects  of  astrocyte 
functions  required  for  neuronal  outgrowth,  axonal  regeneration  and  glial  scar  formation.  Results 
from  these  proposed  studies  will  provide  important  novel  insights  into  the  mechanism(s)  by 
which  selective  cellular  signaling  regulates  astrocyte  functions,  and  will  offer  new  approaches  to 
modulate  glial  scarring  processes.  In  this  study  we  observed  that  after  spinal  cord  injury  (SCI),  a 
glial  scar  surrounds  the  lesion  and  becomes  a  major  obstacle  to  axonal  regeneration.  Formation 
of  the  glial  scar  involves  astrocyte  migration  toward  the  lesion.  Matrix  metalloproteinases 
(MMPs),  including  MMP-9  and  MMP-2,  govern  cell  migration  through  their  ability  to  degrade 
constituents  of  the  extracellular  matrix.  Although  MMP-9  and  MMP-2  are  expressed  in  reactive 
astrocytes,  their  involvement  in  astrocyte  migration  and  glial  scar  formation  is  unknown.  We 
also  examined  the  role  of  these  MMPs  in  astrocyte  migration  using  an  in  vitro  scratch  wound 
assay  and  astrocytes  cultured  from  MMP-9-null,  MMP-2-null,  and  wild-type  (expressing  MMPs) 
mice.  MMP-9-null  astrocytes  and  wild-type  astrocytes  treated  with  an  MMP-9  inhibitor 
exhibited  impaired  migration  relative  to  untreated  wild-type  controls.  MMP-9-null  astrocytes 
showed  abnormalities  in  the  actin  cytoskeleton  organization  and  function  but  no  detectable 
untoward  effects  on  proliferation,  cellular  viability,  or  adhesion.  In  contrast  to  MMP-9,  MMP-2- 
null  astrocytes  showed  increased  migration  which  could  be  attenuated  in  the  presence  of  an 
MMP-9  inhibitor.  Given  the  prominent  role  of  MMP-9  in  astrocyte  migration,  we  evaluated  glial 
scar  formation  in  spinal  cord  injured,  MMP-9  null  mice.  Consistent  with  in  vitro  findings,  glial 
scar  formation  was  abrogated  in  MMP-9-null  relative  to  wild-type  mice.  Moreover,  there  was  a 
reduction  in  the  expression  of  chondroitin  sulfate  proteoglycans,  indicating  a  more  permissive 
environment  for  axonal  regeneration/plasticity.  Collectively,  our  studies  provide  the  first 
evidence  that  MMP-9  plays  an  important  role  in  cytoskeleton-mediated  astrocyte  migration  and 
promotes  glial  scar  formation  in  the  injured  cord  and  thus  may  be  a  promising  therapeutic  target 
to  improve  recovery  after  spinal  cord  injury. 
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INTRODUCTION 

After  spinal  cord  injury,  one  of  the  major  causes  leading  to  the  regenerative  failure  of  injured 
axons  is  the  formation  of  a  glial  scar.  The  glial  scar,  consisting  mainly  of  reactive  astrocytes,  not 
only  forms  a  non-permissive  physical  barrier  to  the  regenerative  axons  but  also  expresses 
inhibitory  molecules  such  as  chondroitin  sulfate  proteoglycans  (CSPGs),  which  chemically  arrest 
the  regrowth  of  injured  axons  across  the  lesion  (Silver  and  Miller,  2004).  Formation  of  the  glial 
scar  is  primarily  attributed  to  astrocyte  migration  towards  the  lesion  with  only  a  minor 
contribution  resulting  from  astrocyte  proliferation  (Ridet  et  al.,  1997;  Fitch  et  al.,  1999;  McGraw 
et  al.,  2001;  Matyash  et  al.,  2002).  The  migratory  behavior  of  reactive  astrocytes  depends  on  the 
dynamics  of  actin  cytoskeleton  mediated  by  small  GTPases  Rho  and  Racl  (Etienne-Manneville 
and  Hall,  2002;  Bourguignon  et  al.,  2007),  integrity  of  the  intermediate  filament  including 
vimentin  and  glial  fibrillary  acidic  protein  (GFAP)  (Menet  et  al.,  2003),  cell  adhesion  (Okada  et 
al.,  2006),  and  water  fluxes  across  the  plasma  membrane  (Saadoun  et  al.,  2005). 

We  have  previously  shown  that  matrix  metalloproteinases  (MMPs),  including  MMP-2  and 
MMP-9,  are  expressed  in  reactive  astrocytes  after  spinal  cord  injury  (Noble  et  al.,  2002;  Hsu  et 
al.,  2006),  raising  the  possibility  that  these  MMPs  may  participate  in  the  formation  of  the  glial 
scar.  Consistent  with  that  possibility,  recent  studies  have  shown  that  astrocyte  migration  is 
modulated  by  MMPs  (Ogier  et  al.,  2006;  Takenaga  and  Kozlova,  2006).  MMPs  are  a  family  of 
zinc-dependent  endopeptidases  that  can  degrade  a  variety  of  protein  constituents  in  the 
extracellular  matrix  (ECM)  and  thus  remodel  the  pericellular  microenvironment  for  cell 
translocation  (Stemlicht  and  Werb,  2001).  As  such  MMPs  modulate  numerous  pathological  and 
tissue  repair  processes  in  the  nervous  system  particularly  those  that  require  cell  migration  (Yong 
et  al.,  2001).  The  modulatory  effect  of  MMPs  in  this  context  is  largely  dependent  on  the 
temporospatial  expression  of  different  MMP  subtypes  and  their  cellular  sources  (Yong,  2005). 
Thus,  in  the  injured  spinal  cord,  it  is  likely  that  MMPs  may  exert  both  beneficial  and  detrimental 
effects,  depending  upon  which  members  of  the  family  are  involved  and  when  and  where  they  are 
actively  expressed. 

In  the  injured  spinal  cord,  reactive  astrocytes  are  the  source  of  both  MMP-2  and  MMP-9 
(Duchossoy  et  al.,  2001).  Contrary  to  a  promotive  role  of  MMP-2  in  astrocyte  migration  in  vitro 
(Ogier  et  al.,  2006),  we  previously  demonstrated  that  mice  deficient  in  MMP-2  develop  a  more 
extensive  glial  scar  in  the  injured  spinal  cord  (Hsu  et  al.,  2006).  Interestingly,  these  mice  also 
show  a  compensatory  increase  in  MMP-9,  raising  the  intriguing  possibility  that  the  more  severe 
glial  scar  results  from  the  compensatory  up-regulation  of  MMP-9.  Here  we  test  the  hypothesis 
that  MMP-9  facilitates  astrocyte  migration  and  contributes  to  the  formation  of  a  glial  scar  in  the 
injured  spinal  cord.  To  test  this  hypothesis,  we  examined  the  relationship  between  MMP-9, 
astrocyte  migration  in  vitro ,  and  glial  scarring  in  vivo.  Our  results  offer  a  new  insight  into  the 
role  of  MMP-9  in  wound  healing  after  spinal  cord  injury. 
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BODY 

Astrocyte  migration  is  dependent  on  MM  P-9:  To  determine  if  MMPs,  particularly  MMP-9,  are 
involved  in  astrocyte  migration,  cultured  wild-type  astrocytes  were  exposed  to  GM6001,  a 
general  inhibitor  of  MMPs,  after  a  scratch-wound.  Migration  was  significantly  impaired  in 
astrocytes  treated  with  varying  concentrations  of  GM6001  (Fig.  1A).  Similarly,  when  wild-type 
astrocytes  were  treated  with  an  MMP-9  inhibitor,  migration  was  significantly  reduced  at  all 
concentrations  of  the  inhibitor  (Fig.  IB).  These  findings  demonstrate  that  MMP-9  facilitates 
astrocyte  migration.  Notably,  astrocyte  migration  was  reduced  but  not  completely  blocked  with 
either  a  general  inhibitor  or  a  specific  MMP-9  inhibitor,  suggesting  that  MMPs  are  not  the  sole 
modulators  of  astrocyte  migration. 

MMP-9  modulates  migration  in  MMP-2-null  astrocytes:  We  have  previously  demonstrated  that 
MMP-2  null  mice  manifest  a  more  extensive  glial  scar  along  with  a  compensatory  increase  in 
MMP-9  activity  in  the  injured  spinal  cord  compared  to  the  wild-type  mice  (Hsu  et  al.,  2006).  It  is 
unclear  if  enhanced  scarring  results  from  a  deficiency  in  MMP-2  and/or  up-regulation  of  MMP- 
9.  To  address  this  issue,  we  compared  the  migratory  behavior  of  MMP-2  null  and  wild-type 
astrocytes  in  the  scratch  wound  assay  (Fig.  2).  Similar  to  in  vivo  findings,  migration  was 
enhanced  in  MMP-2  null  astrocytes.  To  determine  the  dependency  of  this  migration  on  MMP-9, 
migration  was  assayed  in  the  presence  of  an  MMP-9  inhibitor.  Migration  was  significantly 
reduced  in  the  presence  of  the  MMP-9  inhibitor.  These  findings,  together  with  those  from 
cultured  MMP-9  null  astrocytes,  support  the  hypothesis  that  MMP-9  plays  a  pivotal  role  in 
astrocyte  migration  in  vitro. 

MMP-9  deficiency  alters  actin-cytoskeleton  organization  and  reduces  astrocyte  migration:  The 
actin  cytoskeleton  participates  in  the  morphological  changes  and  migration  of  astrocytes  (Baorto 
et  al.,  1992;  Ramakers  and  Moolenaar,  1998;  Etienne-Manneville  and  Hall,  2002;  Holtje  et  al., 
2005;  Bourguignon  et  al.,  2007).  In  particular,  Rho  GTPases,  such  as  Racl  are  known  to  play  an 
important  role  in  regulating  filamentous  actin  (F-actin)  formation  and  those  activities  required 
for  forming  astrocyte  membrane  protrusions  and  cell  migration  (Etienne-Manneville  and  Hall, 
2002;  Bourguignon  et  al.,  2007). 

To  determine  whether  MMPs,  specifically  MMP-2  and  MMP-9,  affect  the  organization  of  actin 
cytoskeleton  required  for  astrocyte  migration,  we  assessed  the  distribution  of  the  actin 
cytoskeleton  in  astrocytes  using  fluorescent  phalloidin  to  label  F-actin.  F-actin  fibers  were 
mostly  distributed  in  the  cell  body  of  both  wild-type  (Fig.  3A-i)  and  MMP-2  null  astrocytes  (Fig. 
3B-i).  In  contrast,  only  cortical  actin  underlying  the  plasma  membrane  and  very  little  cell  body 
F-actin  fibers  were  detected  in  MMP-9  null  astrocytes  (Fig.  3C-i).  Such  a  disarrangement  of  F- 
actin  fibers  in  MMP-9  null  astrocytes  suggests  that  MMP-9  deficiency,  but  not  MMP-2 
deficiency,  alters  F-actin  assembly  and  distribution  in  astrocytes.  Treatments  with  cytoskeleton 
inhibitors  cytochalasin  D  (known  to  impair  F-actin  formation)  or  Racl  inhibitor  (a  signaling 
perturbation  agent  that  blocks  Racl  activation)  resulted  in  the  disassembly  of  both  cell  body  F- 
actin  fibers  and  cortical  actin,  along  with  dramatic  changes  in  the  cell  shape  in  astrocytes  of  all  3 
genotypes  examined  (Fig.  3A-,  B-,  C-ii,  iii),  suggesting  the  importance  of  actin  cytoskeleton  in 
maintaining  the  morphological  integrity  of  astrocytes. 

In  the  scratch  wound  assay,  F-actin-associated  membrane  protrusions  projecting  from  the 
wounding  edges  toward  the  migration  front  were  evident  in  both  wild-type  (Fig.  3D-i)  and 
MMP-2  null  astrocytes  (Fig.  3E-i),  but  negligible  in  MMP-9  null  astrocytes  (Fig.  3F-i). 
Treatment  with  either  cytochalasin  D  or  Racl  inhibitor  resulted  in  F-actin  disarrangement,  loss 
of  scratch-induced  membrane  protrusions,  and  cell  rounding  in  astrocytes  of  all  3  genotypes  (Fig. 
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3D-,  E-,  F-ii,  iii).  Cytochalasin  D  or  Racl  inhibitor  also  significantly  attenuated  astrocyte 
migration  in  all  3  genotypes  (Fig.  4),  suggesting  a  close  relationship  between  the  integrity  of 
actin  cytoskeleton,  cell  morphology,  and  astrocyte  motility.  Together,  these  findings  indicate  that 
deficiency  in  MMP-9,  but  not  MMP-2,  is  closely  associated  with  aberrant  F-actin  assembly 
which  contributes  to  the  inhibition  of  membrane  projection  formation,  migration,  and  wound 
closure  of  astrocytes. 

Deficiency  of  MMP-2  or  MMP-9  does  not  affect  astrocyte  proliferation,  adhesion,  and 
viability:  It  is  possible  that  deficiency  in  either  MMP-2  or  MMP-9  has  untoward  effects  on 
astrocyte  proliferation,  adhesion,  and  viability,  which  may  contribute  to  the  altered  migration 
observed  above.  Proliferation,  defined  by  BrdU  incorporation  was  studied  in  cultured  wild-type, 
MMP-2  null,  and  MMP-9  null  astrocytes  (Fig.  5A,  B,  C).  Quantitative  analysis  showed  that  the 
number  of  proliferative  astrocytes  were  comparable  among  the  3  genotypes  (Fig.  5D). 
Adherence,  assessed  in  these  groups  one  day  after  the  first  passage,  was  similar  among 
genotypes  (Fig.  5E).  Astrocyte  viability,  determined  by  cellular  metabolic  activity  using  the 
MTT  assay,  revealed  no  differences  between  genotypes  1,  2,  and  3  days  after  the  first  passage 
(Fig.  5F).  These  findings  suggest  that  deficiency  of  MMP-2  or  MMP-9  does  not  differentially 
affect  astrocyte  proliferation,  adhesion,  or  viability,  parameters  that  would  influence  migration. 

MMP-9  deficiency  reduces  glial  scarring  and  the  expression  of  CSPGs  in  injured  spinal  cord: 
Based  on  in  vitro  findings  of  hindered  migration  of  MMP-9  null  astrocytes,  we  next  determined 
if  MMP-9  deficiency  would  reduce  glial  scar  formation  in  vivo  after  spinal  cord  injury.  The 
severity  of  glial  scarring  was  compared  between  wild-type  mice  and  MMP-9  null  mice  42  days 
after  a  contusive  spinal  cord  injury.  Wild-type  mice  had  a  remarkably  more  complicated  pattern 
of  glial  scarring  with  prominent  bundling  of  thick  astrocytic  processes  than  MMP-9  null  mice 
(Fig.  6A-D).  In  addition,  the  intensity  of  GFAP  immunoreactivity  appeared  higher  in  wild-type 
mice  as  compared  to  MMP-9  null  mice.  The  severity  of  glial  scar  formation  was  analyzed  by  a 
semi-quantitative  scale,  based  on  the  complexity  and  extent  of  the  scarring  (Fig.  6E-H).  MMP-9 
null  mice  had  a  significantly  lower  total  score  than  the  wild-type  mice  (136  ±  21  vs  180  ±  35,  p  < 
0.05)  (Fig.  6F).  We  further  analyzed  whether  such  a  lower  total  score  in  MMP-9  null  mice  was  a 
result  of  less  complicated  (i.e.  lower  average  score  per  sector)  or  less  extensive  (i.e.  fewer  sectors 
scored  >1)  glial  scarring.  We  found  that  the  average  score  per  sector  was  significantly  lower  in 
the  MMP-9  null  mice  than  in  the  wild-type  mice  (2.2  ±0.1  vs  2.4  ±  0.2,  p  <  0.05  )  (Fig.  6G), 
although  the  number  of  sectors  scored  >  1  was  comparable  between  these  two  groups  (63  ±  1 1  vs 
74  ±  9)  (Fig.  6H).  These  findings  indicate  that  MMP-9  null  mice  have  a  less  complicated  pattern 
of  glial  scarring  than  wild-type  mice. 

Expression  of  inhibitory  molecules  CSPGs  by  reactive  astrocytes  is  known  to  cause  regenerative 
failure  of  injured  axons  in  the  CNS  (Davies  et  al.,  1997;  McKeon  et  al.,  1999).  Quantitative 
assessment  revealed  that  MMP-9  null  mice  had  significantly  lower  CSPG  immunoreactivity  than 
the  wild-type  mice  (2.4  ±  0.7%  vs  3.8  ±  1.2%,  p  <  0.05)  42  days  post-injury  (Fig.  7A-C).  In 
summary,  MMP-9  deficiency  results  in  the  formation  of  a  less  complex  and  less  inhibitory  glial 
scar. 

MMP-9  deficiency  does  not  alter  MMP-2  expression:  We  previously  demonstrated  that  MMP-2 
is  beneficial  to  wound  healing  because  spinal  cord-injured  MMP-2  null  mice  exhibit  a  more 
complex  and  inhibitory  glial  scar,  reduced  white  matter  sparing,  and  impaired  locomotor 
recovery  (Hsu  et  al.,  2006).  Importantly,  these  MMP-2  null  mice  also  show  a  compensatory 
increase  in  MMP-9.  Here  we  determine  if  the  beneficial  effect  on  reduced  glial  scarring  seen  in 
MMP-9  null  mice  is  due  to  a  compensatory  up-regulation  of  MMP-2.  Gelatin  zymography 
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revealed  the  expression  of  pro-  and  active  MMP-2  in  the  injured  spinal  cords  of  both  MMP-9 
null  and  wild-type  mice  at  7  day  post-injury  (Fig.  8),  a  time  point  when  the  expression  of  MMP- 
2  peaks  in  the  lesion  (Goussev  et  al.,  2003).  However,  there  were  no  qualitative  differences  in  the 
expression  of  MMP-2  between  these  genotypes.  These  findings  suggest  a  more  direct 
involvement  of  MMP-9  in  glial  scar  formation. 

Materials  and  Methods 

Animals 

These  studies  were  approved  by  the  Institutional  Animal  Care  and  Use  Committee  at  the 
University  of  California  San  Francisco  and  in  accordance  with  the  National  Institute  of  Health 
Guide  for  the  Care  and  Use  of  Laboratory  Animals.  Young  breeding  pairs  on  an  FVBn 
background  ranged  in  ages  from  3  to  6  months.  MMP-2  null,  MMP-9  null,  and  wild-type 
progeny  on  an  FVBn  background  were  generated  by  breeding  homozygous  females  and  males  of 
respective  genotypes.  Mice  were  housed  in  a  controlled  environment  at  25  °C  with  a  12  hour 
light-and-dark  cycle.  Food  and  water  were  provided  ad  libitum.  The  genotypes  of  animals  were 
identified  by  the  polymerase  chain  reaction  using  tail  tissue  and  specific  oligonucleotide  primers 
(Itoh  et  al.,  1997;  Itoh  et  al.,  1998;  Vu  et  al.,  1998;  Ducharme  et  al.,  2000)  and  confirmed  by  gel 
zymography  using  samples  of  blood. 

Astrocyte  culture 

Cortical  astrocytes  were  cultured  from  the  cerebral  cortex  of  MMP-2  null,  MMP-9  null,  and 
wild-types  at  postnatal  day  1  or  2,  based  on  a  previously  described  protocol  with  some 
modifications  (Rose  et  al.,  1993).  The  cerebral  cortices  were  dissected  from  the  brain  stem,  while 
the  hippocampus,  adherent  meninges,  and  blood  vessels  were  removed.  The  cerebral  cortices 
were  triturated  repeatedly  in  0.05%  trypsin  and  0.05%  DNAse  in  Ca++  and  Mg'  free  Hank’s 
balanced  salt  solution.  Cells  were  pelleted  by  centrifugation  at  250  rpm  for  5  minutes, 
resuspended,  filtered  through  a  70  pm  nylon  cell  strainer,  and  plated  in  a  poly-L-lysine-coated 
flask  containing  Earle’s  MEM  medium  supplemented  with  10%  fetal  bovine  serum,  22  mM 
glucose,  and  2  mM  GlutaMAX-1  (35050-061;  Invitrogen,  Carlsbad,  CA).  After  24  hours  of 
incubation  in  5%  CO2  at  37°C,  the  flask  was  shaken  vigorously  to  remove  debris  and  unattached 
cells  prior  to  fresh  medium  replacement.  Shaking  was  repeated  before  changing  the  culture 
medium  at  3,  5,  and  7  days  after  astrocyte  isolation  and  weekly  thereafter.  The  purity  of  astrocyte 
cultures  was  approximately  95%  and  was  determined  by  the  number  of  cells  immunostained  with 
GFAP  relative  to  the  total  nuclei  that  had  been  labeled  with  Hoechst  dye.  For  all  in  vitro  studies 
described  below,  three  triplicates,  each  of  which  consisted  of  three  wells,  were  examined  in  each 
genotype  or  treatment  at  any  given  time  point. 

Scratch  wound  assay 

Cultured  astrocytes  were  trypsinized  and  replated  into  tissue  culture-treated,  24-well  plates  at  a 
concentration  of  2  x  105  cells/well  after  the  first  passage.  Five  to  seven  days  later  when 
astrocytes  reached  confluence,  a  denuded  area  was  produced  by  scratching  the  inside  diameter  of 
the  well  with  a  10  pi  pipette  tip  (Bourguignon  et  al.,  2007).  After  3  rinses  with  Earle’s  MEM 
medium,  fresh  culture  medium  containing  10  pM  cytosine  arabinofuranoside  (Cl 768;  Sigma,  St. 
Louis,  MO)  was  added  into  each  well  to  inhibit  cell  proliferation.  One  digital  photograph  was 
taken  from  each  well  immediately  after  the  scratch  wound  was  made  (0  hour)  and  at  24,  48,  and 
72  hours  later.  The  denuded  area  was  gradually  covered  by  migrating  astrocytes.  With  the  use  of 
ImageJ  image  processing  program  (1.33u;  National  Institutes  of  Health,  Bethesda,  MD),  the  size 
of  the  denuded  area  was  determined  at  each  time  point  from  digital  images.  The  astrocyte- 
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covered  area  was  obtained  by  subtracting  the  denuded  area  void  of  astrocytes  at  any  given  time 
point  from  the  original  denuded  area  measured  at  0  hour  in  the  same  well. 

To  determine  the  dependency  of  migration  on  MMPs  and  actin  cytoskeleton,  astrocytes  were 
treated  with  the  following  inhibitors:  GM6001,  a  general  inhibitor  of  MMPs  (364205; 
Calbiochem,  San  Diego,  CA);  MMP-9  inhibitor  (444278;  Calbiochem,);  cytochalasin  D  (20 
pg/ml,  C8273;  Sigma);  and  Rac  1  inhibitor  (50  pM,  553530;  Calbiochem).  The  optimal 
concentrations  for  GM6001  and  MMP-9  inhibitor  were  determined  by  dose-response  studies 
using  wild-type  astrocytes.  GM6001  was  dissolved  in  sterile-filtered  dimethyl  sulfoxide  (DMSO) 
with  final  concentrations  at  20  pM,  40  pM,  and  80  pM.  A  GM6001  analogue  (364210; 
Calbiochem)  was  used  as  the  negative  control  at  a  concentration  of  20  pM.  Likewise,  MMP-9 
inhibitor  was  dissolved  in  DMSO  at  0.5  pM,  1.0  pM,  and  2.0  pM,  while  the  DMSO  was  used  as 
the  vehicle  control. 

Fluorescence  staining  of  actin  cytoskeleton 

To  test  the  effects  of  various  inhibitors  on  the  actin  cytoskeleton  rearrangement,  astrocytes 
cultured  from  wild-type,  MMP-2  null  and  MMP-9  null  mice  were  treated  with  20  pg/ml 
cytochalasin  D,  50  pM  Racl  inhibitor,  or  no  drug  for  1  hour  at  37  C.  Subsequently,  a  scratch 
wound  was  made  on  the  astrocyte  monolayer  using  a  lOpl  pipette  tip  as  described  above.  After 
24  hours  of  incubation  at  37°C,  astrocytes  were  fixed  with  2%  paraformaldehyde,  permeablized 
by  90%  ethanol,  and  incubated  with  Texas  Red-conjugated  pholloidin  (Molecular  Probes). 
Another  set  of  astrocytes  without  a  scratch  wound  were  stained  simultaneously.  The  fluorescence 
labeled  astrocytes  were  examined  with  a  confocal  laser  scanning  microscope. 

Astrocyte  proliferation  assay 

Proliferative  astrocytes  of  different  genotypes  were  identified  by  5-bromo-2’-deoxyuridine 
(BrdU)  incorporation.  After  the  first  passage,  astrocytes  were  transferred  into  a  24-well  plate  at  1 
x  105  cells/well  with  a  poly-L-lysine-coated  coverslip  on  the  bottom  of  each  well.  At 
approximately  40-50%  confluence,  astrocytes  were  rinsed  with  Earle’s  MEM  medium  for  3 
times,  incubated  in  non-serum  culture  medium  for  24  hours,  and  incubated  with  30  pM  BrdU 
(B9285;  Sigma)  in  culture  medium  containing  10%  fetal  bovine  serum  for  2  hours.  The 
astrocytes  were  fixed  with  cold  70%  ethanol  at  4°C  for  20  minutes,  air  dried,  and  rinse  with  2  N 
HC1  for  20  minutes  for  DNA  denaturation.  After  3  washes  with  phosphate  buffered  saline  (PBS), 
astrocytes  were  reacted  with  Alexa  Fluor  594-conjugated  mouse  monoclonal  anti-BrdU  (1:100, 
A-21304;  Molecular  Probes,  Eugene,  OR)  diluted  in  blocking  and  permeablizing  solution 
containing  2%  normal  goat  serum,  0.2%  Triton  X-100,  and  0.1%  bovine  serum  albumin  in  PBS 
for  4  hours  at  room  temperature.  Double  labeling  was  performed  by  using  rabbit  polyclonal  anti- 
GFAP  (1:200,  Z0334;  Dako  Cytomation,  Carpinteria,  CA)  diluted  in  above  blocking  and 
permeablizing  solution,  followed  by  FITC-conjugated  anti-rabbit  secondary  antibody.  The  nuclei 
of  astrocytes  were  stained  with  300  nM  4’,6-diamidino-2-phenylindole  (DAPI;  D3571; 
Molecular  Probes)  for  3  minutes  and  the  coverslip  was  mounted  onto  a  slide.  A  proliferative 
astrocyte  was  defined  by  positive  staining  for  anti-BrdU,  -GFAP,  and  DAPI.  The  numbers  of 
proliferative  astrocytes  were  counted  using  an  epifluorescent  microscope  with  a  10x  objective 
within  6  adjacent  fields  in  the  center  of  the  coverslip.  Proliferative  astrocytes  were  expressed  as  a 
percentage  of  the  number  of  BrdU  positive  cells  relative  to  the  total  number  of  DAPI  positive 
nuclei. 

Astrocyte  adhesion  assay 

Astrocytes  were  replated  into  a  poly-L-lysine-coated  12- well  plate  at  1  x  105  cells/well  after  the 
first  passage  and  incubated  for  24  hours.  The  wells  were  shaken  slightly  and  rinsed  with  Earle’s 
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MEM  medium  for  3  times  to  remove  unattached  cells.  By  using  an  inverted  phase  contrast 
microscope  with  20 x  objective,  the  number  of  adherent  astrocytes  was  determined  in  8  adjacent 
fields  in  the  center  of  the  well.  Results  of  MMP-2  and  MMP-9  null  astrocytes  were  normalized 
with  that  of  the  wild-type  astrocytes. 

Astrocyte  viability  assay 

To  assess  the  influence  of  MMP  deficiency  on  astrocytic  viability,  the  metabolic  activity  of 
mitochondria  was  examined  by  a  quantitative  colorimetric  assay  using  [3-(4,5-dimethylthiazol-2- 
yl)-2, 5-diphenyl]  tetrazolium  bromide  (MTT;  M2 128;  Sigma)  as  previously  described 
(Mosmann,  1983).  Briefly,  cultured  astrocytes  were  transferred  into  a  96-well  plate  after  the  first 
passage  at  a  concentration  of  1  x  104  cells/100  pi  medium/well  and  incubated  for  1,  2,  and  3 
days.  After  10  pi  of  0.5%  MTT  was  added  into  the  well,  the  astrocytes  were  further  incubated  for 
4  hours.  Then  the  astrocytes  were  dissolved  with  100  pi  acidic  isopropanol  containing  0.04  N 
HC1.  The  optical  density  of  the  resultant  formazan  product  was  measured  at  550  nm  by  a  plate 
reader. 

Contusive  spinal  cord  injury 

Male  MMP-9-null  and  wild-type  mice,  weighing  30-35  g  (approximately  4-6  months  of  age), 
were  anesthetized  (2.5%  tribromoethanol,  0.02  ml/g  body  weight,  i.p.,  T48402;  Sigma)  and 
subjected  to  a  moderate  contusion  injury  to  the  spinal  cord  as  we  described  previously  (Noble  et 
al.,  2002).  Body  temperature  of  the  mice  was  maintained  at  37°C  with  a  warming  pad  throughout 
the  surgery  and  during  the  recovery  from  anesthesia.  Post-operative  care  included  subcutaneous 
administration  of  1  ml  0.9  %  Sulfamethoxazole-Trimethoprim  (GensiaSicor,  Irvine,  CA)  and 
manually  voiding  the  urinary  bladder  twice  a  day 

Tissue  preparation  and  immunohistochemistry 

Animals  were  deeply  anesthetized  42  days  post-injury.  Ice-cold  normal  saline  was  perfused 
transcardially,  followed  by  4%  paraformaldehyde  in  0.1  M  phosphate  buffer,  pH  7.4  for  10 
minutes.  The  spinal  cord  was  removed  and  immersed  in  the  same  fixative  at  4°C  for  4  hours. 
Then  the  spinal  cord  was  transferred  into  30%  sucrose  in  0.1  M  PBS  for  cryoprotection. 
Cryosections  of  the  spinal  cord  were  cut  transversely  at  20  pm  in  a  cryostat,  mounted  onto  glass 
slides,  and  stored  at  -20°C  for  further  processing. 

The  following  primary  antibodies  were  used  for  immunohistochemistry:  Cy3-conjugated  mouse 
anti-GFAP  (to  label  astrocytes,  1:400,  clone  G-A-5,  C9205;  Sigma)  and  mouse  anti-CSPGs 
(1:200,  clone  CS-56,  C8035;  Sigma).  Cryosections  were  rinsed  with  0.01  M  PBS  3  times  and 
blocking  solution  consisting  of  2%  normal  goat  serum  and  0.1%  bovine  serum  albumin  in  PBS  at 
room  temperature  for  5  minutes.  Incubation  of  the  primary  antibodies,  diluted  in  above  blocking 
solution,  was  performed  in  a  humidified  box  at  4°C  overnight.  Sections  immunolabeled  by  anti- 
GFAP  were  rinsed  with  PBS  and  coverslipped  with  ProLong  Antifade  (P-7481;  Invitrogen), 
whereas  those  immunolabeled  by  anti-CSPGs  were  further  incubated  with  biotinylated  goat  anti¬ 
mouse  IgM  (1:200,  115-065-075;  Jackson  ImmunoResearch,  West  Grove,  PA)  for  30  minutes. 
The  labeling  of  anti-CSPGs  was  visualized  by  a  biotin-avidin  peroxidase  reaction  using  a 
Vectastain  Elite  ABC  kit  (PK-6100;  Vector  Laboratories,  Burlingame,  CA)  in  combination  with 
0.05%  diaminobenzidine  as  the  chromogen  and  0.001%  hydrogen  peroxide  in  0.01  M  PBS. 
Sections  of  different  genotypes  were  grouped  together  and  processed  simultaneously  in  the  same 
experimental  condition  to  minimize  staining  variables  for  subsequent  quantitative  analyses.  An 
additional  group  of  sections  was  processed  without  using  primary  antibodies  to  serve  as  the 
negative  control. 
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Assessment  of  the  glial  scar 

The  astroglial  scar  was  visualized  by  Cy3-conjugated  anti-GFAP  antibody  42  days  post-injury  (n 
=  6  per  genotype).  The  severity  of  glial  scarring  was  analyzed  semi-quantitatively  by  scoring  its 
complexity  and  extent  as  we  originally  described  (Hsu  et  al.,  2006).  Briefly,  the  transverse 
section  of  the  injured  cord  was  subdivided  into  12  sectors  by  superimposing  a  grid  onto  the 
digitized  image  of  the  section  using  Photoshop  7.0  (Adobe  Systems,  San  Jose,  CA).  In  each 
sector,  the  pattern  of  the  glial  scar,  distribution  of  astrocytes,  organization  of  astrocytic 
processes,  astrocytic  hypertrophy,  and  the  intensity  of  GFAP  immunoreactivity  were  evaluated 
and  then  a  score  ranging  from  0  to  3  was  given.  A  score  of  0  indicates  no  evidence  of  glial  scar 
formation,  whereas  a  score  of  1  to  3  represents  increasing  complexity  of  the  glial  scarring.  The 
total  score  obtained  from  all  12  sectors  in  each  transverse  section  reflected  the  severity 
(complexity  and/or  extent)  of  glial  scar  formation.  In  the  lesion,  GFAP-quiescent  regions  were 
excluded  from  the  analysis  because  they  were  composed  of  non-astrocytic  components  such  as 
macrophages  and  tissue  matrix.  Nine  transverse  sections,  at  intervals  of  480  pm,  were  sampled 
across  the  entire  lesion  epicenter  in  each  animal. 

Assessment  of  CSPG  immunoreactivity 

The  intensity  of  CSPG  immunoreactivity  in  the  injured  cord  was  quantified  42  days  post-injury 
(n  =  7  per  genotype)  as  we  previously  described  with  some  modifications  (Hsu  et  al.,  2006). 
Briefly,  digital  images  of  the  immunostained  sections  were  taken  under  consistent  exposure 
parameters  and  were  imported  to  the  ImageJ  image  processing  software.  The  intensity  of 
background  staining  was  evaluated  on  a  reference  section,  which  was  approximately  1500  pm 
rostral  to  the  lesion  where  there  was  no  evident  tissue  damage.  First,  the  total  number  of  pixels  in 
the  reference  section  was  obtained  from  the  histogram.  Then  a  threshold  value  was  determined 
so  that  only  1%  of  the  darkest  pixels  remained  in  the  reference  section.  This  threshold  value, 
which  eliminated  99%  of  background  staining,  was  applied  to  the  images  of  4  to  5  sections 
sampled  from  the  lesion  epicenter  of  the  same  animal  to  reveal  the  pixels  that  were  darker  than 
the  background  staining.  The  number  of  these  dark  pixels,  which  represented  the  intensity  of 
CSPG  immunoreactivity,  was  counted  and  the  percentage  of  these  pixels  over  the  total  pixel 
number  of  a  section  was  calculated.  All  sampled  sections  in  each  animal  were  averaged  and  the 
mean  of  each  genotype  was  reported. 

Gel  zymography 

The  gelatinase  levels  of  MMP-2  and  MMP-9  in  the  injured  spinal  cord  were  examined  7  days 
post-injury  by  gel  zymography  as  we  previously  described  (Noble  et  al.,  2002;  Goussev  et  al., 
2003).  Injured  MMP-9  null  and  wild-type  mice  (n  =  3  per  genotype)  were  deeply  anesthetized 
and  then  the  spinal  cord  segments  containing  the  lesion  were  dissected  and  homogenized  in  lysis 
buffer  consisting  of  28  mM  Tris-HCl,  22  mM  Tris-base,  pH  8,  150  mM  NaCl,  1%  Nonidet  P-40 
(74385;  Fluka  BioChemika,  Ronkonkoma,  NY),  0.5%  sodium  deoxycholate,  and  0.1%  SDS.  In 
another  group  of  wild-type  mice  receiving  only  laminectomy,  the  matched  region  of  the 
uninjured  spinal  cord  was  used  as  the  sham  control.  After  the  protein  concentration  of  the 
homogenates  was  determined  by  the  bicinchoninic  acid  method  (BCA  protein  assay  kit,  23225; 
Pierce,  Rockford,  IL),  equal  amounts  of  protein  (5  pg)  were  loaded  on  a  Novex  10%  zymogram 
gel  (EC61752;  Invitrogen)  and  separated  by  electrophoresis  with  120  V  (6  mA)  at  4°C  for  120 
minutes.  The  gel  was  then  incubated  with  renaturing  buffer  (LC2670;  Invitrogen)  at  room 
temperature  for  30  minutes  to  restore  the  gelatinolytic  activity  of  the  proteins.  After  incubated 
with  developing  buffer  (LC2676;  Invitrogen)  at  37°C  for  48  hours,  the  gel  was  stained  with  0.5% 
Coomassie  blue  for  60  minutes  and  then  destained  with  40%  methanol  containing  10%  acetic 
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acid  until  appropriate  color  contrast  was  achieved.  Clear  bands  on  the  zymogram  were 
indicative  of  gelatinase  activity. 

Statistic  analysis 

Data  obtained  from  in  vitro  studies  of  cultured  astrocytes  were  examined  by  the  analysis  of 
variance  (ANOVA),  followed  by  Bonferroni’s  post-hoc  test  for  multiple  comparisons  between 
the  means  of  genotypes,  treatments,  or  time  points.  Quantitative  evaluation  of  the  glial  scar  and 
CSPG  immunoreactivity  were  performed  by  2  observers  who  were  blinded  to  the  experimental 
conditions  and  the  means  obtained  from  MMP-9  null  and  wild-type  mice  were  compared  by 
Student’s  /-test.  Data  are  presented  as  means  ±  SD.  A  statistically  significant  difference  is 
defined  at  p<  0.05. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  Our  results  revealed  that  overexpression  of  matrix  metalloproteinases  (MMPs)  such  as  MMP-2 
and  MMP-9  occurs  in  reactive  astrocytes  and  glial  scarring. 

•  We  observed  that  astrocytes  isolated  from  MMP-9-null  (but  not  MMP-2-null)  mice  display 
abnormalities  in  the  actin  cytoskeleton  organization  and  function.  These  findings  suggest  that 
MMPs  (in  particular,  MMP-9)  and  the  cytoskeleton  are  functionally  coupled  during  astrocyte 
migration  and  glila  scarring  formation. 

•  Our  data  showed  that  both  glial  scar  formation  and  chondroitin  sulfate  proteoglycan  formation 
are  abrogated  in  MMP-9-null  relative  to  wild-type  mice  following  spinal  cord  injury  (SCI), 
indicating  a  more  permissive  environment  for  axonal  regeneration/plasticity. 

•  We  believe  that  our  studies  provide  the  first  evidence  that  MMP-9  plays  an  important  role  in 
cytoskeleton-mediated  astrocyte  migration  and  promotes  glial  scar  formation  in  the  injured 
spinal  cord  and  thus  may  be  a  promising  therapeutic  target  to  improve  recovery  after  spinal  cord 
injury  (SCI). 
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CONCLUSION 

Our  studies  demonstrate  that  MMP-9  facilitates  astrocyte  migration  in  vitro  and  glial  scar 
formation  in  the  injured  spinal  cord.  By  using  cultured  mouse  cortical  astrocytes,  we  found  that 
MMP-9  deficiency,  as  a  result  of  either  pharmacological  blockade  or  genetic  deletion, 
significantly  attenuated  astrocyte  migration  in  a  scratch  wound  paradigm.  This  defective 
migratory  behavior  was  concomitant  with  a  disarranged  actin  cytoskeleton.  Moreover,  spinal 
cord-injured  MMP-9  null  mice  developed  a  less  severe  and  less  inhibitory  glial  scar  compared 
with  wild-type  controls.  Such  ameliorated  glial  scarring  in  MMP-9  null  mice  was  independent  of 
MMP-2  activity,  which  was  comparable  to  that  in  the  wild-type  controls.  Together,  these 
findings  suggest  a  promotive  role  for  MMP-9  in  glial  scar  formation  through  modulation  of 
astrocyte  migration. 

MMPs  and  astrocyte  migration 

Here  we  show  that  MMPs  and  in  particular  MMP-9  governs  astrocyte  migration  in  an  in  vitro 
scratch  wound  assay.  Pharmacologic  blockade  of  MMPs,  with  a  general  inhibitor,  as  well  as 
specific  blockade  of  MMP-9  reduced  migration.  Astrocytes,  cultured  from  MMP-9  null  mice, 
likewise  showed  impaired  migration.  Our  results  are  consistent  with  others  that  MMP-9 
contributes  to  enhanced  astrocyte  migration  (Takenaga  and  Kozlova,  2006;  Hsieh  et  al.,  2008). 
Such  a  promotive  role  in  migration  is  further  supported  in  other  cell  types  where  MMP-9  has 
been  shown  to  facilitate  neuronal  migration  of  developing  granule  cells  in  the  cerebellum 
(Vaillant  et  al.,  2003)  and  the  outgrowth  of  oligodendrocytic  processes  and  remyelination  (Oh  et 
al.,  1999;  Larsen  et  al.,  2003)  by  processing  the  ECM  molecules.  Our  findings  contrast  that  of 
Ogier  et  al.  (2006),  who  reported  that  astrocyte  migration  principally  depends  on  MMP-2,  but 
not  MMP-9.  In  their  study,  astrocytes  were  embedded  in  agarose  drops  and  the  migration  was 
assessed  by  the  extent  of  astrocyte  migration  from  the  agarose  drops.  They  found  that 
pharmacological  blockade  of  MMP-2  substantially  inhibited  astrocyte  migration  and 
gelatinolytic  activity,  suggesting  the  involvement  of  MMP-2  in  promoting  astrocyte  motility. 
Moreover,  MMP-2  was  co-localized  with  actin-associated  motile  structures  such  as  filopodia  and 
lamellipodia  at  the  leading  edge  of  migrating  astrocytes.  This  discrepancy  is  likely  resulted  from 
the  nature  of  different  assays.  Our  scratch  assay  simulates  an  injury  and  the  subsequent  wound 
closure  processes,  which  may  involve  different  mechanisms  of  cell  migration  from  those  of  the 
agarose  drop  assay. 

How  MMP-9  modulates  astrocyte  migration  is  not  well  understood.  Astrocytes  are  known  to 
secrete  a  variety  of  ECM  molecules  such  as  fibronectin,  laminin,  and  hyaluronan  (Yoshida  and 
Takeuchi,  1991;  Marret  et  al.,  1994).  Cell  migration  is  a  dynamic  interplay  of  various  processes 
including  cell-ECM  adhesion,  extension  of  membrane  projection  and  retraction  of  the  trailing 
edge.  Cell  motility  is  also  largely  dependent  on  the  organization  of  the  actin  cytoskeleton 
(Lauffenburger  and  Horwitz,  1996;  Mitchison  and  Cramer,  1996),  which  is  regulated  through 
multiple  signaling  pathways  mediated  by  the  Rho  family  of  small  GTPases,  including  Rho,  Rac, 
and  Cdc42  (Hall,  1998).  Activation  of  Rho  in  reactive  astrocytes  is  associated  with  astrocyte 
motility  in  vitro  and  astrogliosis  after  spinal  cord  injury  (Dubreuil  et  al.,  2003;  Goldshmit  et  al., 
2004;  Holtje  et  al.,  2005).  We  previously  demonstrated  that  Racl  signaling  is  activated  in 
astrocytes  by  the  interaction  between  a  transmembrane  receptor  CD44  and  its  ligand  hyaluronan 
in  the  ECM,  leading  to  increased  migratory  activity  in  vitro  (Bourguignon  et  al.,  2007).  It  has 
been  shown  that  active  MMP-9  can  bind  to  CD44,  and  their  pericellular  interactions  contribute  to 
tumor  cell  migration  (Bourguignon  et  al.,  1998;  Yu  and  Stamenkovic,  1999),  suggesting 
synergism  in  the  extracellular  regulation  of  cell  motility.  We  show  here  that  Racl  inhibitor  or 
cytochalasin  D  significantly  reduced  astrocyte  migration  regardless  of  the  genotypes  in  a  scratch 
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assay,  providing  evidence  for  the  involvement  of  the  actin  cytoskeleton  in  astrocyte  motility. 
Moreover,  MMP-9  null  astrocytes  exhibited  a  disorganized  actin  cytoskeleton.  Together,  these 
findings  suggest  that  MMP-9  modulates  astrocyte  migration  through  a  CD44-dependent  process, 
thereby  stimulating  intracellular  signaling  that  affects  the  assembly  and  distribution  of  actin 
cytoskeleton. 

MMPs  and  glial  scar  formation 

MMPs  have  diverse  functions  in  the  CNS  (Yong,  2005).  It  has  become  increasingly  apparent  that 
their  involvement  is  dictated  by  when  and  where  they  are  activated  and  in  the  context  of  the 
injury  or  disease  process.  MMP-9  and  MMP-2  are  both  expressed  in  injured  spinal  cord  but  in  a 
temporally  specific  order.  MMP-9  is  actively  expressed  in  the  acutely  injured  cord  (Noble  et  al., 
2002;  Wells  et  al.,  2003),  whereas  MMP-2  is  most  prominent  between  7-14  days  after  injury 
(Goussev  et  al.,  2003)  and  is  concurrent  with  the  emergence  of  a  glial  scar.  Differences  between 
these  MMPs  are  likely  related  to  their  distinct  roles  in  the  injured  spinal  cord.  MMP-9,  expressed 
in  reactive  astrocytes  and  infiltrating  leukocytes,  mediates  early  infiltration  of  inflammatory  cells 
and  disruption  of  the  blood-spinal  cord  barrier  (Noble  et  al.,  2002).  Thus,  MMP-9  null  mice 
show  a  significant  improvement  in  locomotor  recovery  after  spinal  cord  injury.  While  MMP-2  is 
also  expressed  in  reactive  astrocytes,  it  may  limit  the  formation  of  an  inhibitory  glial  scar  and 
supports  axonal  regrowth  as  well  as  locomotor  recovery  (Hsu  et  al.,  2006;  Pastrana  et  al.,  2006). 
Complimentary  to  our  in  vitro  findings,  we  provide  the  first  evidence  that  MMP-9  is  also 
involved  in  glial  scar  formation.  The  glial  scar  is  reduced  in  the  spinal  cord-injured  MMP-9  null 
mice.  Given  its  acute  expression  in  reactive  astrocytes,  we  suggest  that  MMP-9  may  facilitate  the 
early  migration  of  astrocytes  in  the  vicinity  of  the  necrotic  lesion.  Thus,  improved  locomotor 
function  in  injured  MMP-9  null  mice  may  not  only  be  due  to  blockade  of  early  inflammatory 
cells  (Noble  et  al.,  2002)  but  to  a  reduction  in  the  glial  scar.  Previously  we  found  that  MMP-2 
null  mice  develop  more  extensive  glial  scarring  than  wild-type  mice  after  spinal  cord  injury  (Hsu 
et  al.,  2006).  We  also  found  a  compensatory  increase  in  MMP-9  in  these  injured  MMP-2  null 
mice,  a  condition  likewise  occurring  in  experimental  autoimmune  encephalomyelitis  (Esparza  et 
al.,  2004).  Our  results  in  this  study  further  suggest  that  their  extensive  glial  scarring  and  poorer 
recovery  may  not  only  be  due  to  the  absence  of  MMP-2  but  to  the  adverse  effects  of  increased 
expression  of  MMP-9. 

Convergent  evidence  indicates  that  the  glial  scar,  though  a  barrier  to  axonal  regeneration,  is  also 
neuroprotective  and  beneficial  to  wound  healing  particularly  at  early  phases  after  injury 
(Sofroniew,  2005).  In  response  to  an  injury,  prompt  migration  of  reactive  astrocytes  seclude  the 
lesion  from  uninjured  tissue  by  compacting  infiltrated  inflammatory  cells,  resulting  in  more 
spared  neuronal  components  and  better  recovery  of  function  (Penkowa  et  al.,  2003;  Okada  et  al., 
2006).  Moreover,  selective  ablation  of  a  subgroup  of  reactive  astrocytes  near  a  lesion  in  the  first 
week  after  injury  causes  widespread  inflammation,  neuronal  degeneration,  failure  of  vascular 
barrier  repair,  and  demyelination  (Bush  et  al.,  1999;  Faulkner  et  al.,  2004).  In  this  context,  spinal 
cord-injured  MMP-9  null  mice  might  be  expected  to  display  more  extensive  tissue  damage  due 
to  compromised  migration  of  reactive  astrocytes.  In  fact,  this  does  not  occur  in  MMP-9  null 
mice,  which  exhibit  restricted  inflammation,  preserved  vascular  barrier,  and  improved  motor 
function  relative  to  the  wild-types  in  the  acute  stages  of  injury  (Noble  et  al.,  2002).  Thus,  the 
detrimental  effects  of  MMP-9  on  proteolytic  tissue  damage  apparently  outweigh  its  benefit  of 
promoting  astrocyte  migration  to  restrain  inflammatory  responses  early  after  the  injury.  In  the 
chronic  stages,  conversely,  MMP-9-dependent  astrocyte  migration  culminates  in  an  inhibitory 
glial  scar  that  blocks  axonal  regrowth. 

Reactive  astrocytes  in  the  glial  scar  also  produce  growth-inhibiting  CSPGs,  which  restrain 
neurite  outgrowth  (McKeon  et  al.,  1999;  Jones  et  al.,  2003;  Tang  et  al.,  2003).  Enzymatic 
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treatment  of  the  injured  spinal  cord  with  chondroitinase  ABC  significantly  promotes  axonal 
regeneration  and  recovery  of  motor  function  as  a  result  of  CSPG  degradation  (Bradbury  et  al., 
2002;  Chau  et  al.,  2004).  Similarly,  both  MMP-9  and  MMP-2  are  capable  of  degrading  certain 
CSPGs  (Muir  et  al.,  2002;  Larsen  et  al.,  2003).  In  degenerated  peripheral  nerve,  MMP-9 
attenuates  CSPG  activity  with  a  higher  proteolytic  effectiveness  than  MMP-2  (Ferguson  and 
Muir,  2000).  In  spinal  cord-injured  MMP-9  null  mice,  nevertheless,  we  found  reduced  CSPG 
immunoreactivity  in  the  lesion  by  42  days  post-injury.  This  outcome  was  not  attributable  to 
injury-induced  MMP-2  activity,  which  was  essentially  comparable  between  injured  MMP-9  null 
and  wild-type  mice.  We  suggest  that  this  finding  in  MMP-9  null  mice  reflects  a  reduction  in  the 
over-all  complexity  of  the  glial  scar  (Refer  to  Figs.  6F,  G).  As  such,  a  less  complex  glial  scar, 
concomitant  with  reduced  expression  of  CSPGs,  may  foster  a  more  permissive  environment  that 
would  support  better  recovery  processes  seen  in  spinal  cord-injured  MMP-9  null  mice  (Noble  et 
al.,  2002).  Additional  research  with  MMP  conditional  knockouts  and  selective  MMP  inhibitors 
will  better  delineate  how  temporally-specific  modulation  of  MMP  activity  will  affect  wound 
healing  events  including  the  formation  of  the  glial  scar. 
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APPENDICES 


Figure  1:  The  effect  of  various  concentrations  of  GM6001  (A)  and  an  MMP-9  inhibitor  (B)  on 
astrocyte  migration  in  the  scratch  wound  assay.  The  area  covered  by  migrating  astrocytes  is 
measured  over  a  period  of  72  hours  after  the  scratch  is  made.  All  the  concentrations  examined 
can  effectively  inhibit  astrocyte  migration  compared  with  the  untreated  group  48  and  72  hours 
after  the  scratch.  *p  <  0.05,  **p  <  0.01,  ***p  <  0.001,  compared  with  the  untreated  group  of  the 
same  time  point. 
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Figure  2:  Migration  of  cultured  astrocytes  isolated  from  MMP-2  null,  and  MMP-9  null  mice  in 
the  scratch  assay.  Representative  photographs  demonstrate  the  wound  closure  processes  0  and 
72  hours  after  the  scratch  is  made.  Notably,  MMP-2-null  astrocytes  migrate  faster  and  thus 
cover  more  denuded  area  than  the  wild-type  astrocytes  72  hours  after  the  scratching.  At  the 
same  time  point,  however,  MMP-2-null  astrocytes  treated  with  1 .0  pM  MMP-9  inhibitor  migrate 
significantly  slower  than  the  wild-type  astrocytes.  A  similar  outcome  of  attenuated  migration  is 
also  observed  in  MMP-9-null  astrocytes.  The  chart  summarizes  the  quantitative  analysis  of  the 
area  covered  by  astrocytes  at  various  time  points.  The  results  demonstrate  that  MMP-9 
deficiency  adversely  affects  astrocyte  migration.  *p  <  0.05,  ***p  <  0.001,  compared  with  the 
wild- type  at  72  hours. 
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Figure  3:  Fluorescence  staining  of  F-actin  in  cultured  astrocytes  isolated  from  wild-type,  MMP- 
2  null,  and  MMP-9  null  mice  using  Texas  Red-conjugated  phalloidin.  Shown  here  are  astrocytes 
without  cytoskeleton  inhibitor  (i),  treated  with  cytochalasin  D  (ii),  and  treated  with  Racl 
inhibitor  (iii).  Before  reaching  a  confluent  monolayer  (A,  B,  C),  astrocytes  without  cytoskeleton 
inhibitor  exhibit  comparable  morphology  and  F-actin  distribution  in  the  wild-type  and  MMP-2 
null  groups,  whereas  MMP-9  null  astrocytes  lose  their  stellar  profile  and  show  disintegrated  F- 
actin  distribution  (C-i).  After  a  scratch  wound  is  made  on  the  confluent  monolayer  (D,  E,  F), 
wild-type  and  MMP-2  null  astrocytes,  without  cytoskeleton  inhibitor,  at  the  scratch  border 
extend  F-actin-containing  membrane  protrusions  (arrowheads)  toward  the  denuded  area  (on  the 
left).  These  membrane  protrusions  are  not  observed  in  MMP-9  null  astrocytes  (F-i).  Regardless 
of  having  a  scratch  wound  or  not,  treatments  with  cytochalasin  D  ( A—F-i i)  or  Racl  inhibitor 
(A~F-iii)  cause  abnormal  morphology  and  F-actin  distribution  in  astrocytes  of  all  3  genotypes. 
No  scratch-induced  membrane  protrusion  is  found  with  these  treatments.  Scale  bars  =  25pm  in  - 
i,  100pm  in  -ii,  -iii. 
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Figure  4;  The  effects  of  cytochalasin  D  and  Racl  inhibitor  on  astrocyte  migration.  In  the 
scratch  wound  assay,  both  wild-type  and  MMP -2-null  astrocytes  migrate  faster  and  cover  more 
denuded  area  than  the  MMP-9  null  astrocytes  72  hours  after  the  scratch  is  made  (***p  <  0.001, 
compared  with  untreated  wild-type).  At  the  same  time  point,  administration  of  either  20  pg/ml 
cytochalasin  D  or  50  pM  Racl  inhibitor  significantly  slows  down  astrocyte  migration  of  all  3 
genotypes  (m*  p  <  0.001,  compared  with  respective  genotypes  in  the  untreated  group). 
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Figure  5:  Analyses  of  proliferation,  adhesion,  and  viability  in  cultured  astrocytes  isolated  from 
MMP-2  null,  and  MMP-9  null  mice.  Proliferative  astrocytes  are  identified  by  positive 
immunolabeling  of  anti-BrdU  (red)  and  -GFAP  (green)  along  with  DAPI  nuclear  stain  (blue)  (A, 
B,  C).  There  is  no  significant  difference  in  the  number  of  proliferative  astrocytes  among  the  3 
groups  studied  (D).  Astrocytes  adhering  to  the  poly-L-lysine-coated  growth  surface  are  counted 
24  hours  after  the  first  passage  (E),  while  astrocyte  viability  is  tested  by  colorimetric  MTT  assay 
1,  2,  and  3  days  after  the  first  passage  (F).  There  are  no  significant  differences  among  the  3 
groups  studied  in  all  these  tests.  Our  findings  suggest  that  knocking  out  MMP-2  or  MMP-9  does 
not  affect  astrocytic  proliferation,  adhesion,  and  viability.  Scale  bar  =100  pm 
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Figure  6:  Glial  scar  formation  in  MMP-9  null  and  wild-type  mice  42  days  post-injury.  The  wild- 
type  mouse  (A)  exhibits  a  more  severe  glial  scar  formation  in  the  lesion,  evidenced  by  intricate 
tangling  of  astrocytic  processes  and  intense  GFAP  immunoreactivity,  than  the  MMP-9  null 
mouse  (B).  At  higher  magnification  (C,  D;  taken  from  boxed  area  in  A  and  B,  respectively), 
entangled  astrocytic  processes  are  densely  bundled  to  form  a  robust  trabecular  meshwork  in  the 
wild-type  mouse,  whereas  the  glial  scarring  is  relatively  modest  in  MMP-9  null  mouse.  The 
sampling  strategy  used  in  our  semi-quantitative  analysis  of  the  glial  scar  is  illustrated  in  the 
diagram  (E).  A  score  ranging  from  0  to  3  is  given  to  each  of  the  12  sectors  depending  on  the 
severity  of  glial  scarring  as  described  in  the  Materials  and  Methods.  The  total  score,  obtained 
from  9  sections  in  each  mouse  (n  =  6  per  genotype),  is  significantly  lower  in  the  MMP-9  null 
mouse  than  in  the  wild-type  mouse  (F).  The  average  score  of  each  sector  that  is  scored  >  1  is 
also  lower  in  the  MMP-9  null  mouse  than  in  the  wild-type  control  (G),  indicating  less 
complicated  glial  scarring  in  the  MMP-9  null  mouse.  The  total  number  of  sectors  scored  >  1 
shows  no  difference  between  the  two  groups  (H),  suggesting  the  extent  of  the  glial  scar  is 
comparable  between  the  two  groups.  *p  <  0.05.  Scale  bars  =  250  pm  in  A,  B;  100  pm  in  C,D. 
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Figure  7.  Comparison  of  CSPG  immunoreactivity  (clone  CS-56)  in  the  lesion  epicenter  between 
MMP-9  null  and  wild-type  mice  42  days  after  spinal  cord  injury.  The  wild-type  mouse  (A) 
displays  stronger  CSPG  immunostaining  than  the  MMP-9  null  mouse  (B).  Our  quantitative 
analysis  shows  that  the  MMP-9  null  mouse  has  significantly  lower  CSPG  immunoreactivity  than 
the  wild-type  mouse  (n  =  7  per  genotype)  (C).  *p  <  0.05.  Scale  bar  =  250  pm 
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Figure  8.  Representative  gel  zymogram  showing  gelatinase  levels  in  the  injured  spinal  cord  at  7 
days  post-injury.  Both  MMP-9  and  MMP-2  are  up-regulated  in  the  wild-type  mouse  compared 
with  the  sham-operated  mouse  that  receives  only  laminectomy.  The  intensity  of  both  pro-  and 
active  MMP-2  in  the  wild-type  mouse  is  comparable  to  that  of  the  MMP-9  null  mouse, 
suggesting  the  expression  of  MMP-2  is  unaltered  in  the  later. 
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ABSTRACT 

Patients  with  posttraumatic  stress  disorder  (PTSD)  exhibit  a  wide  range  of  neuropsychological 
deficits,  and  atrophy  in  brain  regions  such  as  the  hippocampus  has  been  reported.  Although  there 
have  been  numerous  magnetic  resonance  imaging  studies  of  PTSD,  most  have  reported  cross- 
sectional  results  using  region  of  interest  analyses,  where  only  a  few  anatomical  locations  of  the 
brain  are  investigated.  Voxel- wise  structural  image  analysis  provides  a  way  of  looking  for 
anatomical  variation  without  prior  hypotheses  about  the  location  and  extent  of  the  anatomical 
variation.  In  this  project,  we  propose  to  investigate  the  spatial  pattern  of  longitudinal  tissue 
atrophy  in  subjects  with  PTSD  compared  to  normals,  and  additionally  to  correlate  performance 
on  neuropsychological  tests  with  neurodegeneration.  We  are  uniquely  qualified  to  accomplish 
these  goals,  as  we  have  developed  novel  voxel-wise  morphometric  methods  for  automated 
investigation  of  spatial  patterns  of  atrophy  rate,  and  because  of  our  access  to  a  sample  of 
longitudinal  images  and  clinical  data  from  patients  diagnosed  with  and  without  PTSD.  The 
results  of  this  project  will  lead  directly  to  a  better  understanding  of  the  temporal  course  of  PTSD 
and  its  relation  to  underlying  brain  anatomy,  which  is  of  great  military  importance.  It  is  projected 
that  PTSD  affects  7.8%  of  the  US  population  over  the  course  of  a  lifetime  (1).  Combat  exposure 
and  other  severely  traumatic  experiences  dramatically  increase  the  risk  of  PTSD.  Twenty-five 
percent  of  men  over  55  in  the  US  have  been  exposed  to  combat  (2).  PTSD  may  effect  as  many  as 
28.8%  of  a  combat  exposed  population  (1).  More  than  90%  of  the  members  of  ground  combat 
units  deployed  in  Iraq  have  been  shot  at,  with  up  to  20%  meeting  a  broad  definition  of  PTSD 
within  3-4  months  after  their  return  from  deployment  (3).  Greater  understanding  of  the 
longitudinal  effects  of  PTSD  on  the  brain  may  help  in  the  treatment  of  these  soldiers  returning 
from  Iraq,  and  therefore  this  project  has  great  military  relevance. 
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INTRODUCTION 

We  propose  to  make  use  of  previously  acquired  longitudinal  images  from  a  cohort  of  subjects 
with  and  without  PTSD.  These  images  were  acquired  as  part  of  several  different  studies.  We  plan 
to  create  maps  of  local  atrophy  rate  to  use  as  dependent  variables  in  statistical  models  examining 
several  candidate  independent  variables  indexing  PTSD  severity  (e.g.,  tissue  volumes,  cognitive 
tests).  These  models  will  investigate  whether  quantitative  local  volume  measures  derived  from 
MRI  (e.g.,  local  gray  matter  volume,  ERC  volume)  are  better  PTSD  staging  variables  and 
predictors  of  our  atrophy  rate  maps  than  cognitive  measures  (e.g.,  CAPS  score).  We  also  will 
describe  the  regional  distribution  of  tissue  atrophy  over  a  population  during  progression  of 
PTSD,  and  compare  maps  of  atrophy  rate  between  groups.  Permutation  testing  will  be  used  to 
correct  spatial  statistics  for  multiple  comparisons  (4). 

The  primary  research  goal  of  this  project  is  to  describe  brain  atrophy  rate  during  PTSD.  A 
secondary  goal  is  to  determine  the  extent  to  which  quantitative  local  volume  measures  derived 
from  MRI  are  better  than  cognitive  measures  for  defining  the  severity  of  PTSD  and  predicting 
the  associated  tissue  loss  over  time.  A  final  goal  is  to  describe  the  distribution  of  tissue  atrophy 
during  PTSD  compared  to  normal  aging.  Our  specific  aims  are  to  test  the  following  hypotheses: 

(1)  PTSD+  subjects  will  show  loss  of  tissue  over  time  (atrophy  rate  >0),  and  the  magnitude 
of  atrophy  rate  will  vary  regionally. 

(2)  Quantitative  imaging  measures  will  better  predict  atrophy  rate  than  cognitive  measures. 

(3)  The  spatial  pattern  of  atrophy  rate  will  differ  between  subjects  with  and  without  PTSD. 


BODY 

Tissue  Segmentation:  This  project  is  a  secondary  data  analysis  of  imaging  datasets  collected  as 
part  of  two  different  projects.  Because  of  differences  in  analysis  methods  used  in  the  two 
projects,  the  conventional  volumetric  tissue  segmentation  was  redone  for  this  project  using  state- 
of-the  art  analysis  methods.  These  volumes  have  been  completed,  and  will  be  used  as  covariates 
in  the  analysis  of  longitudinal  maps  of  deformation.  Although  not  a  specific  aim  of  this  project,  I 
analyzed  whether  there  were  any  longitudinal  changes  observed  in  these  lobar  measures  of  gray 
matter,  white  matter,  and  CSF  due  to  PTSD.  There  were  no  significant  differences  between 
groups  due  to  large  variation  within  groups,  but  a  greater  rate  of  brain  atrophy  in  PTSD+  was 
observed  in  all  lobes  (as  shown),  with  a  concomitant  increase  in  CSF  expansion.  If  the  atrophy  is 
spatially  localized,  lobar  measures  may  be  noisy,  and  deformation  morphometry  should  increase 
sensitivity  to  detect  group  differences.  Inclusion  of  clinical  variables  using  deformation 
morphometry  may  also  help  to  explain  some  of  the  group  variability,  increasing  our  sensitivity  to 
detect  group  differences. 
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Rate  of  Gray  Matter  Atrophy 


Creation  of  Maps  of  Baseline  Atrophy:  The  creation  of  maps  of  baseline  atrophy  is  a  key 
component  of  this  project  that  has  been  completed.  An  entropy  driven  B-Spline  Free  Form 
deformation  algorithm(5,  6)  was  used  to  register  individual  scans  to  a  reference  atlas.  The 
Jacobian  determinant  of  this  transformation,  giving  the  fractional  volume  contraction  or 
expansion  relative  to  the  reference,  characterizes  the  atrophy  at  each  voxel.  These  Jacobian  maps 
(i.e.,  maps  of  baseline  atrophy)  will  be  used  as  covariates,  in  order  to  determine  how  much 
variability  in  atrophy  rate  can  be  explained  by  spatially  varying,  local  baseline  atrophy  (as 
opposed  to  global  measures  of  atrophy,  such  as  whole  brain  gray  matter).  Though  not  part  of  the 
original  proposal,  these  maps  can  also  be  used  as  dependent  variables  in  a  statistical  analysis  to 
examine  cross-sectional  differences  between  PTSD+  and  PTSD-  patients.  These  maps  were 
created  during  the  first  year  of  the  project. 

Creation  of  Maps  of  Atrophy  Rate:  The  same  general  approach  used  to  create  maps  of  atrophy 
state  will  be  used  to  register  and  model  spatial  changes  within  subject  between  multiple  scans(7). 
The  previously  estimated  transformation  between  the  initial  time  point  of  each  subject  and  the 
reference  anatomy  then  allows  the  spatial  normalization  of  annualized  pointwise  volume  change 
for  each  subject,  yielding  relative  atrophy  rate  estimates  (tissue  volume  change  in  %/yr)  at  each 
voxel  in  standard  space.  These  maps  were  completed  during  the  reporting  year  just  ended. 
Figures  1  and  2  show  examples  of  maps  of  atrophy  rate  from  a  PTSD-  and  PTSD+  subject. 
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Figure  2:  Longitudinal  change  in  a  PTSD+  subject.  Voxels  shaded  yellow  show 
expansion,  and  voxels  shaded  blue  show  brain  tissue  loss  over  time. 


Creation  of  Measures  of  clinical/neuropsychological  change  over  time:  Measures  of 
clinical/neuropsychological  change  over  time  have  been  created  for  these  subjects.  The  plan  is  to 
use  these  longitudinal  clinical/neuropsychological  measures  to  correlate  longitudinal  structural 
change  with  longitudinal  functional  change.  Kristin  Samuelson,  a  collaborator  on  the  project, 
recently  presented  work  from  this  project  at  the  annual  meeting  of  the  International  Society  for 
Traumatic  Stress  Studies.  She  completed  a  statistical  analysis  of  longitudinal  neuropsychological 
changes  observed  in  these  subjects.  She  reported  that  PTSD+  subjects  declined  faster  on  tests  of 
delayed  facial  recognition  and  memory. 

Statistical  Analysis: 

Much  of  the  originally  proposed  statistical  analyses  have  been  completed,  and  some  preliminary 
results  have  suggested  other  statistical  comparisons.  Figure  3  shows  the  longitudinal  change  in  a 
s  ample  of  51  subject  (both  PTSD+  and  PTSD-)  related  to  age.  The  blue  voxels  show  regions  of 
the  brain  where  greater  tissue  loss  over  time  is  related  to  greater  age.  This  figure  shows  that  the 
hippocampus,  brainstem,  and  regions  of  white  matter  seems  show  accelerated  atrophy  with 
greater  age. 

We  have  also  compared  the  longitudinal  change  in  the  PTSD+  group  compared  to  the  PTSD- 
group  (specific  aim  (3)  of  the  funded  proposal),  as  shown  in  Figure  4.  We  unexpectedly  found 
less  ventricular  enlargement  over  time  in  PTSD+,  and  also  some  regions  showing  less  tissue  loss 
over  time  in  PTSD+.  These  results  would  seem  to  suggest  that  PTSD  was  showing  some 
protection  against  normal  aging,  and  these  results  suggested  looking  at  alternative  statistical 
models. 
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Figure  3:  Longitudinal  change  in  a  sample  of  51  subjects  (both  PTSD+  and 
PTSD-)  related  to  age.  The  blue  voxels  show  regions  of  the  brain  where  greater 
tissue  loss  over  time  is  related  to  greater  age. 


Figure  4:  Longitudinal  change  in  the  PTSD+  group  compared  to  the  PTSD-  group. 
Voxels  shaded  blue  show  regions  of  greater  tissue  loss  over  time  in  PTSD+, 
including  anterior  cingulate.  These  results  unexpectedly  show  less  ventricular 
enlargement  overtime  in  PTSD+  (i.e. ,  PTSD+  showing  a  protective  effect),  and 
also  some  reaions  of  vellow  showina  less  tissue  loss  over  time  in  PTSD. 


When  exploring  other  statistical  models,  we  began  to  look  at  whether  the  apparent  slower  aging 
in  the  PTSD  group  could  be  explained  by  any  clinical  or  cognitive  variables.  One  natural  clinical 
measure  was  the  change  in  the  CAPS  (Clinician  Administered  PTSD  Scale)  score  over  time.  Our 
hypothesis  was  that  patients  whose  PTSD  severity  improved  over  time  would  show  slower  than 
normal  aging  (i.e.,  patients  with  improving  disease  would  show  tissue  recovery  over  time).  Our 
results  are  shown  in  Figure  5.  We  observed  than  longitudinal  brain  change  in  the  frontal  and 
anterior  temporal  cortex  was  related  to  change  in  CAPS  score;  tissue  recovery  was  observed  in 
patients  with  decreasing  PTSD  severity  and  greater  tissue  loss  in  patients  with  increasing  PTSD 
severity. 

We  also  examined  the  relationship  between  longitudinal  brain  change  and  change  scores  of 
verbal,  visual  and  working  memory  measures  (part  of  specific  aim  (2)  of  the  funded  proposal). 
Verbal  memory  decline  was  related  to  greater  atrophy  rate  in  the  region  surrounding  posterior 
cingulated  (Figure  6),  and  visual  memory  decline  was  related  to  posterior  temporal  and  parietal 
white  matter  regions  (Figure  7). 


KEY  RESEARCH  ACCOMPLISHMENTS 

1)  Creation  of  maps  of  longitudinal  change. 

2)  Longitudinal  measures  of  clinical/neuropsychological  change  over  time  computed. 

3)  Statistical  analyses  accomplished. 
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Figure  7:  Significant  T-statistics  are  overlaid  on  the  spatially  normalized  average  image. 
Maps  are  thresholded  at  T=2  (p<0.05  uncorrected).  Blue  indicates  regions  where 
decreasing  performance  on  the  Faces  II  (i.e.,  visual  memory  decline)  were  associated 
with  greater  tissue  loss  over  time,  including  parietal  and  posterior  temporal  white 
matter. 


REPORTABLE  OUTCOMES 

Sjostrand  K,  Cardenas  VA,  Larsen  R,  and  Studholme  C  (2008):  A  generalization  of  voxel- wise 
procedures  for  high-dimensional  statistical  inference  using  ridge  regression.  Proc.  Of  SPIE,  Vol. 
6914,  p.  69140A-1-12. 

Samuelson  K,  Cardenas  VA,  Marmar  C,  Neylan  T  (2007):  Longitudinal  effects  of  PTSD  on 
neuropsychological  functioning.  Symposium  presentation  at  ISTSS  2007. 

Cardenas  VA,  Samuelson  K,  Studholme  C,  Lenoci  MA,  Neylan  T,  Marmar  C,  Weiner  MW 
(2008)  :  Longitudinal  brain  atrophy  and  neurocognition  in  PTSD.  Symposium  presentation  at 
ISTSS  2008. 


CONCLUSION 

In  conclusion,  the  project  is  on  track.  Although  we  have  not  so  far  shown  that  PTSD+  patients 
show  greater  brain  atrophy  over  time  than  PTSD-  patients,  we  have  demonstrated  that  2/3  of  our 
patients  showed  recovery  of  symptoms  over  time,  and  that  symptom  recovery  is  associated  with 
tissue  recovery  over  time.  In  addition,  we  have  shown  several  regions  where  accelerated  tissue 
loss  is  associated  with  declining  cognitive  function. 
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ABSTRACT 

Whole-brain  morphometry  denotes  a  group  of  methods  with  the  aim  of  relating  clinical  and  cognitive  mea¬ 
surements  to  regions  of  the  brain.  Typically,  such  methods  require  the  statistical  analysis  of  a  data  set  with 
many  variables  (voxels  and  exogenous  variables)  paired  with  few  observations  (subjects).  A  common  approach 
to  this  ill-posed  problem  is  to  analyze  each  spatial  variable  separately,  dividing  the  analysis  into  manageable 
subproblems.  A  disadvantage  of  this  method  is  that  the  correlation  structure  of  the  spatial  variables  is  not  taken 
into  account.  This  paper  investigates  the  use  of  ridge  regression  to  address  this  issue,  allowing  for  a  gradual 
introduction  of  correlation  information  into  the  model.  We  make  the  connections  between  ridge  regression  and 
voxel- wise  procedures  explicit  and  discuss  relations  to  other  statistical  methods.  Results  are  given  on  an  in-vivo 
data  set  of  deformation  based  morphometry  from  a  study  of  cognitive  decline  in  an  elderly  population. 

1.  INTRODUCTION 

Statistical  Analysis  of  extremely  high-dimensional  data  sets  have  become  commonplace  in  medical  image  analysis. 
Tens  of  thousands  to  millions  of  spatial  variables  must  be  taken  into  account  while  the  number  of  observations 
(subjects)  is  typically  limited  -  less  than  a  hundred  or  a  few  hundred  at  most.  Traditional  statistical  analysis  of 
such  data  sets  becomes  impossible  for  computational  reasons,  but  also  cannot  be  expected  to  yield  trustworthy 
results  as  the  addition  of  a  single  new  subject  risks  changing  the  results  of  the  analysis  to  a  large  extent.  This 
makes  clear  the  need  to  constrain  the  analysis  to  lower  the  variance  of  the  estimates.  A  popular  approach  is  to 
divide  the  analysis  into  several  manageable  subproblems.  Typically,  this  division  is  taken  to  its  extreme,  where 
each  problem  contains  a  single  spatial  variable  that  is  related  to  a  clinical  outcome  variable,  an  approach  we 
denote  pointwise  regression ,  but  which  is  also  known  as  voxel-wise  or  univariate  regression.  Each  such  problem 
will  contain  many  more  observations  than  variables,  and  will  yield  results  of  low  variance.  However,  a  limitation  is 
that  any  dependencies  between  spatial  variables  are  neglected.  Spatial  variables  are  known  to  exhibit  significant 
correlations,  primarily  among  neighbors  but  also  extending  across  the  entire  anatomy.1  There  is  therefore  a 
need  for  an  aggregate  method  that  is  able  to  incorporate  the  correlation  structure  of  the  spatial  variables,  while 
keeping  the  variance  of  the  estimates  from  inflating.  This  paper  presents  ridge  regression  as  a  viable  alternative 
to  pointwise  regression.  It  is  shown  that  the  two  methods  are  closely  related,  but  that  the  use  of  ridge  regression 
may  extend  the  analysis  through  gradual  introduction  of  small  amounts  of  correlation  structure  information. 
The  presentation  of  the  method  is  given  with  synthetic  data  as  reference,  while  the  results  are  given  on  in-vivo 
deformation  data.  The  application  here  is  to  tensor  based  morphometry,  but  the  method  generalizes  to  any  data 
set  with  a  single  continuous  or  dichotomous  clinical  variable  that  is  typically  analyzed  using  pointwise  regression. 

Ridge  regression  was  introduced  by  Hoerl  and  Kennard2  and  Marquardt.3  Regularization  by  addition  of  a 
constraint  on  the  sum-of-squares  of  the  parameters  has  been  discovered  in  many  different  areas  of  research.  In 
the  study  of  inverse  problems,  it  is  known  as  Tikhonov  regularization 4  while  the  neural  network  community  refer 
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to  it  as  weight  decay.  Its  application  in  statistics  has  traditionally  been  to  lower  the  prediction  error  by  careful 
balancing  of  its  inherent  bias-variance  properties.  The  use  of  ridge  regression  in  problems  with  more  variables 
than  observations  is  less  wide-spread,  but  has  found  applications  in  e.g.  neuroimaging5  and  microarray  analysis.6 

There  exist  several  methods  for  the  aggregate  analysis  of  image  data  arising  from  e.g.  fMRI,  PET  and 
morphometric  studies.  To  deal  with  the  great  excess  of  spatial  variables  produced  by  such  investigations,  there  are 
several  statistical  techniques  available  such  as  decomposition,  variable  selection,  regularization  and  classification. 

Variable  decomposition  is  perhaps  the  most  popular  of  these,  where  the  data  are  transformed  into  a  smaller 
set  of  spatial  variables  that  summarizes  the  data.  Principal  component  analysis  (PC A)  is  the  most  well-known 
such  technique.  Cootes  et  al.7  pioneered  the  use  of  PCA  to  obtain  a  compact  model  of  anatomy.  Friston  et 
al.8  and  Strother  et  al.9  used  PCA  to  decompose  a  set  of  PET  images  and  used  the  resulting  eigenimages  for 
interpretation.  These  methods  seek  to  maximize  variance  in  the  spatial  data  without  using  information  from  an 
exogenous  clinical  variable.  Canonical  variate  analysis  (CVA)10  is  one  method  that  may  be  used  to  incorporate 
such  information.  CVA  is  a  generalization  of  multiple  regression  where  several  dependent  variables  can  be  related 
to  several  independent  variables  at  once.  This  results  in  linear  combinations  of  the  spatial  and  clinical  variables 
that  are  maximally  correlated.  A  related  but  non-linear  approach  is  partial  least  squares  (PLS),  introduced  to 
neuroimaging  by  McIntosh  et  al.,11  who  applied  it  to  functional  MR  image  data.  An  overview  of  aggregate 
methods  in  neuroimaging  is  given  by  Worsley.12 

Variable  selection  and  regularization  techniques  (which  are  often  connected)  have  previously  been  reported  by 
Valdes-Sosa  et  al.5  in  a  study  of  functional  connectivity.13  The  paper  discusses  ridge  regression  as  one  option  for 
the  simultaneous  analysis  of  hundreds  of  voxels  over  time,  but  does  not  relate  the  method  to  pointwise  regression 
nor  apply  it  to  studies  of  morphometry. 

Often,  the  clinical  or  cognitive  variable  of  interest  indicates  group  belonging.  In  such  cases,  classification 
techniques  can  be  used  to  characterize  anatomical  differences.  Examples  are  Lao  et  al.14  and  Golland  et  al.15 
who  use  non-linear  support  vector  machines  to  identify  spatial  variables  that  distinguish  between  populations. 

Differences  between  pointwise  and  aggregate  analyses  were  highlighted  by  Fletcher  et  al.,16  who  concluded 
that  an  aggregate  analysis  may  provide  crucial  information  that  might  otherwise  be  lost.  Davatzikos1  and 
Friston  and  Ashburner17  debate  the  practice  of  making  global  inferences  from  the  local  analyses  of  pointwise 
regression,  and  agree  on  the  point  that  aggregate  methods  are  preferable  under  many  circumstances.  The 
use  of  aggregate  techniques,  such  as  PCA-reduced  multivariate  analysis  of  covariance  and  CVA,  in  studies  of 
deformation  based  morphometry  has  previously  been  reported  by  e.g.  Ashburner  et  al.18  The  use  of  pointwise 
regression  in  neuroimaging  is  a  thoroughly  investigated  subject  in  part  due  to  the  development  of  the  Statistical 
Parametrical  Mapping  (SPM)  software.19  The  general  linear  modeling  approach  of  SPM  enables  several  types 
of  analyses  such  as  group  comparisons  and  time-series  analysis. 

The  ridge  regression  method  described  in  this  paper  is  suited  for  problems  where  the  dependent  (clinical) 
variable  is  either  continuous  (e.g.  age)  or  a  variable  that  can  be  approximated  by  a  continuous  variable,  such 
as  certain  ordered  categorical  variables.  Hastie  and  Tibshirani20  note  that  several  statistical  methods  including 
a  quadratic  penalty  term  on  the  parameters  have  similar  computational  properties  to  ridge  regression,  such  as 
penalized  logistic  and  multinomial  regression,  penalized  linear  and  mixture  classification,  the  Cox  model,  and 
neural  networks.  Although  such  extensions  may  be  possible,  the  focus  in  this  paper  is  on  ridge  regression.  The 
aim  is  to  point  to  the  possibility  of  using  ridge  regression  as  a  complement  to  pointwise  regression  in  the  common 
case  where  a  single  clinical  variable  is  related  to  spatial  data. 

2.  MATERIALS  AND  METHODS 

In  the  majority  of  regression  analyses  performed  in  medical  imaging  processing,  a  linear  model  is  used,  and  its 
coefficients  are  estimated  by  minimizing  the  size  of  the  residuals  using  a  quadratic  loss  function.  This  is  known 
as  ordinary  least  squares  regression  and  has  the  following  form, 

y  =  X/3  +  s,  mmsTs  =  nun  ||y  —  X/3 1 1 2 .  (1) 
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Here,  y,  a  vector  of  n  observations,  is  the  dependent  variable  that  is  modeled,  X  is  an  n  xp  matrix  containing  the 
p  independent  variables,  /3  (p  x  1)  is  the  vector  of  regression  coefficients,  and  e  (n  x  1)  represents  the  residuals. 
Without  loss  of  generality,  the  variables  are  assumed  to  be  centered.  The  intercept  is  usually  not  of  interest  as 
the  focus  here  is  on  the  sign  and  strength  of  each  regression  coefficient,  but  can  if  necessary  be  added  back  to 
the  solution.  The  ubiquitous  minimizer  of  (1)  is  given  by, 


(3  =  (XTX)-1XTy,  (2) 

providing  that  the  inverse  of  the  ( p  x  p)  gram  matrix  XTX  exists.  For  the  gram  matrix  to  be  invertible,  it  must 
have  full  rank.  In  cases  where  there  are  more  observations  than  variables  ( n  >  p),  rank  deficiencies  may  occur 
due  to  collinearities  among  the  independent  variables.  In  this  paper,  we  focus  on  the  case  where  p  >  n.  In  this 
case,  the  gram  matrix  will  always  be  ill-conditioned  with  rank  less  than  or  equal  to  n  —  1.  This  motivates  the  use 
of  regularization  in  some  form,  We  wish  to  augment  the  setup  in  Equation  1  in  some  way  such  that  the  system 
of  equations  has  a  feasible  solution,  a  solution  that  should  approximate  y  as  good  as  possible. 


2.1  Pointwise  Regression 

One  approach  to  regularization  is  to  set  the  off-diagonal  elements  of  the  gram  matrix  to  zero.  This  corresponds  to 
the  assumption  that  the  independent  variables  are  uncorrelated.  Unless  any  of  the  variables  have  zero  variance, 
this  process  will  give  a  gram  matrix  with  positive  values  along  the  diagonal  and  zeros  elsewhere, 


XTX  = 


'  T 
X i  Xi 


xJxp. 


(3) 


Such  a  matrix  is  positive  definite  and  therefore  invertible.  Using  this  augmented  gram  matrix  to  solve  Equation  2, 
it  is  realized  that  each  regression  coefficient  (3i  is  a  function  of  the  ith  variable  and  y  alone  such  that  fa  = 
(xfxi)-1xfy.  This  represents  the  pointwise  regression  approach  discussed  above. 


2.2  Ridge  Regression 

Pointwise  regression  is  a  computationally  efficient  solution  to  Equation  1  in  cases  where  p  >  n,  and  is  generally 
believed  to  provide  sufficiently  accurate  results  in  a  variety  of  applications.  There  is,  however,  no  guarantee 
that  pointwise  regression  uses  the  most  sensible  form  of  regularization  for  any  application  and  indeed  there 
exist  a  number  of  alternative  regularization  options.  Ridge  regression  is  one  such  method  which  both  takes  the 
correlation  structure  of  the  independent  variables  into  account  and  is  attractive  from  a  computational  viewpoint. 
The  method  adds  a  quadratic  penalty  term  on  the  regression  coefficients, 

imn||y-X/3||2  +  A||/3||2,  (4) 

where  A  >  0  is  a  parameter  that  controls  the  amount  of  regularization.  A  positive  value  of  A  emphasizes 
solutions  with  regression  coefficients  of  smaller  absolute  size.  This  shrinkage  is  strengthened  as  A  grows,  and 
excessive  regularization  will  drive  all  coefficients  towards  zero.  Figure  1  shows  coefficient  values  obtained  using 
ridge  regression  for  a  range  of  values  of  A  on  a  synthetic  data  set  with  20  observations  and  40  variables.  Only 
eight  variables  are  shown  for  clarity.  This  type  of  plot  is  known  as  a  ridge  trace.  The  shrinkage  introduces  a 
tendency  among  the  coefficients  known  as  bias  that  is  not  inferred  from  the  data  at  hand  (X  and  y).  As  given  by 
Equation  1,  ordinary  least  squares  regression,  when  it  has  a  solution,  results  in  the  lowest  possible  training  error 
for  any  linear  model,  and  the  addition  of  bias  in  any  form  will  invariably  lead  to  larger  residuals.  However,  the 
bias  introduced  by  ridge  regression  has  several  benefits.  In  the  presence  of  multicollinearity,  where  the  regression 
coefficients  may  vary  considerably  among  strongly  correlated  variables,  the  shrinkage  helps  to  fix  the  coefficient 
vector  at  a  more  even  distribution  of  coefficients.  Ridge  regression  may  also  improve  the  prediction  accuracy  - 
the  size  of  the  residuals  measured  on  previously  unseen  data  -  and  the  ability  of  recovering  the  true  underlying 
model  using  a  carefully  chosen  amount  of  regularization.  Finally,  and  of  particular  interest  in  this  paper,  ridge 
regression  manages  to  provide  a  solution  in  cases  where  the  gram  matrix  cannot  be  inverted,  especially  when 
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Figure  1.  Ridge  trace  of  8  out  of  p  =  40  variables  for  a  synthetic  data  set  with  20  observations.  The  parameter  A  is  defined 
by  15  equidistant  points  on  a  logarithmic  scale.  Coefficients  may  vary  considerably  with  A  and  may  even  change  signs, 
before  being  shrunk  towards  zero. 


p  >  n.  To  see  why  this  is  the  case,  we  derive  the  optimal  /3ridge  by  differentiating  Equation  4,  setting  to  zero 
and  solving  for  /3, 

/W*(XrX  +  Air*Xry,  (5) 

where  I  is  the  p  x  p  identity  matrix.  Here,  the  computational  effect  of  ridge  regression  is  evident.  A  small 
constant  is  added  to  the  diagonal  of  the  gram  matrix,  giving  it  full  rank.  Further,  A  =  0  gives  the  ordinary  least 
squares  solution,  in  cases  where  the  gram  matrix  can  be  inverted. 

Independent  variables  of  different  units  are  commonly  standardized  to  unit  length  or  unit  variance  to  assure 
fair  penalization.  In  the  examples  given  in  this  paper,  all  variables  are  of  equal  units  and  require  no  stan¬ 
dardization.  The  intercept  is  excluded  and  treated  separately  since  we  normally  do  not  wish  to  penalize  this 
variable. 

In  the  analysis  of  clinical  data,  there  are  often  a  set  of  external  variables  that  are  not  of  immediate  interest  to 
the  analysis,  but  which  may  influence  both  dependent  and  independent  variables  in  unfortunate  ways.  Examples 
of  such  variables  are  age,  gender  and  head  size.  These  must  be  included  in  the  analysis  to  ensure  results  that 
are  adjusted  for  these  factors.  We  refer  to  such  variables  as  confounding  variables.  In  standard  linear  regression, 
confounders  enter  the  model  as  independent  variables.  This  is  not  a  suitable  strategy  for  ridge  regression,  as 
we  normally  do  not  wish  to  apply  shrinkage  to  these  variables.  Instead,  we  suggest  factoring  out  confounding 
variables  in  a  preliminary  step,  similarly  to  the  work  of  Ashburner  et  al.18  Letting  G  denote  the  n  x  g  matrix 
of  g  confounding  variables,  this  can  be  performed  by 

ya  =  y-G(GTG)-1GTy,  (6) 

where  ya  is  the  adjusted  dependent  variable.  In  the  remainder  of  this  paper,  y  is  assumed  to  be  suitably  adjusted. 

2.3  Computation 

With  the  intended  applications  of  this  paper,  the  number  of  variables  p  far  exceeds  the  number  of  observations  n. 
While  the  regularization  provided  by  ridge  regression  makes  estimation  of  the  regression  coefficients  possible  in 
theory,  the  excess  of  variables  poses  a  computational  hurdle.  In  particular,  the  estimation  involves  the  inversion 
of  the  regularized  gram  matrix  of  size  p  x  p. 

However,  X  has  rank  k  where  k  <  n  —  1;  X  therefore  has  a  non-redundant  representation  in  the  form  of  an 
n  x  k  matrix  R.  A  particularly  useful  instance  of  R  is  given  by  the  singular  value  decomposition  (SVD)21  of  X. 
We  differentiate  between  two  types  of  SVD  transforms;  let 

~  T  rp 

X  =  U  nxn^nxp^pxp  and  X  =  UnxfeDfcx/cVfcXp  (7) 

denote  the  full  SVD  and  the  economy  size  SVD  respectively.  Here,  U  and  V  have  orthonormal  columns  and 
D  is  a  diagonal  matrix  with  elements  known  as  singular  values  di.  The  rank  k  of  X  is  the  number  of  non-zero 
singular  values  di.  The  two  variants  are  equivalent  in  that  they  perfectly  reconstruct  X.  This  follows  from  the 
fact  that  the  missing  p  —  k  columns  and  n  —  k  rows  of  the  economy  size  matrix  D  are  zero. 
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Now,  let  R  =  UD  (n  x  p)  and  R  =  UD  (n  x  k).  For  brevity,  we  use  the  notation  for  the  Hadamard 
(element-wise)  product  of  k  matrices  M.  Further,  denotes  the  element-wise  inversion  of  whenever  M 

is  a  diagonal  matrix.  Using  the  full  SVD,  the  ridge  estimate  can  be  written 

bridge  =  (XTX  +  AlJ-^y  =  (VRTRVT  +  AI^VR^  =  V(D2  +  AI)“1RTy,  (8) 

~  ~  T  - 1  ~  T  ~  2 

noting  that  I  =  VV  and  that  V  =  V  .  The  advantage  with  this  formulation  is  that  D  +  AI  is  a  diagonal 
matrix  and  as  such,  easy  to  invert.  However,  through  careful  inspection  of  the  final  expression  in  Equation  8,  in 
particular  using  the  fact  that  the  last  p  —  k  columns  of  R  are  zero,  an  equivalent  expression  is  seen  to  be 

(3ridge  =  V(D2  +  AI)-1Rry,  (9) 

where  I  is  now  of  size  k  x  k.  The  benefit  of  this  simplified  formulation  is  significant  as  the  inversion  now  involves 
a  diagonal  k  x  k  diagonal  matrix,  and  V  is  of  a  more  manageable  size.  Hastie  and  Tibshirani20  note  that  the 
complexity  of  this  formulation  is  0(pk2)  rather  than  0(p3)  of  the  original  setup.  The  derived  complexity  is 
dominated  by  the  SVD  of  X.  Predictions  enjoy  particularly  low  complexity  for  ridge  regression  as 

y  =  X(3ridge  =  R(D2  +  AI)“1RTy  =  Hy,  (10) 


where  H  is  the  n  x  n  hat  matrix. 


2.4  Inference 

In  order  for  a  method  to  be  of  clinical  value,  we  need  a  method  to  assess  its  statistical  accuracy.  Although 
general  methods  such  as  the  bootstrap22,23  exist  for  this  purpose,  we  prefer  a  classical  parametric  approach 
because  of  its  simplicity  and  efficiency.  Specifically,  we  require  a  way  of  determining  whether  a  single  voxel 
carries  information  of  a  significant  deformation  of  the  brain,  a  question  that  corresponds  to  testing  whether  a 
single  regression  coefficient  is  significantly  different  from  zero.  In  principle,  we  go  about  this  in  the  same  fashion 
as  for  OLS  estimation,  each  regression  coefficient  is  normalized  into  a  standardized  score  z  through  division  by 
its  standard  deviation  and  compared  to  the  distribution  of  the  z-score  under  the  null  hypothesis.  To  this  end,  we 
require  an  estimate  of  the  variance  of  the  regression  coefficients  resulting  from  ridge  regression.  An  expression 
for  the  variance-covariance  matrix  of  f3  is  easily  derived24  using  the  fact  that  X  and  A  are  considered  fixed  and 
y  is  stochastic, 


var  (0ridge)  =  var((XTX  +  AI  )“1Xtt/)  =  (XTX  +  AI)-1XTX(XTX  +  Al^var^),  (11) 


the  latter  can  be  derived  from  the  identity  var  (ay  +  b)  =  a2var(?/).  The  variance  of  y  is  considered  to  be  due 
to  the  errors  e  in  the  model  and  is  usually  measured  by  the  mean  squared  error  a 2  (MSE).  For  OLS  the  usual 
MSE  estimate  is  cr2  =  eTe/(n  —  p)  where  s  =  y  —  X/3  and  where  the  denominator  represents  the  number 
of  degrees  of  freedom  of  the  residuals.  Such  a  measure  is  clearly  inappropriate  for  ridge  regression;  consider 
for  instance  the  p  >  n  case  where  the  residual  variance  would  become  negative.  A  regularized  model  such  as 
ridge  regression  becomes  less  flexible  as  more  regularization  is  applied,  and  this  must  be  taken  into  account  for 
accurately  estimating  the  number  of  degrees  of  freedom.  For  linear  models  such  as  ridge  regression,  a  measure 
known  as  the  effective  number  of  parameters  has  been  proposed  to  replace  p  as  the  number  of  degrees  of  freedom. 
This  measure,  here  denoted  df( A),  becomes  a  function  of  A  for  ridge  regression  and  has  a  particularly  convenient 
form, 

k  d 2 

df( A)  =  trace(H)  =  trace(R(D2  +  AI^R7)  =  V  -g-i—,  (12) 

d-  +  A 

i=i  1 

where  di  is  the  ith  diagonal  element  of  D  and  H  is  the  hat  matrix  of  Equation  10.  The  effective  number  of 
parameters  is  discussed  by  Moody25  and  more  recently  by  Hastie  et  al.26  Armed  with  this  measure  of  model 
complexity,  a  revised  measure  of  MSE  for  ridge  regression  is 


a 


2 

£ 


eTe 


n-df' 


(13) 
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Figure  2.  Standard  deviation  of  (3  coefficients.  The  graph  shows  the  characteristics  of  the  parametric  ridge  regression 
estimates  (red  curves)  versus  bootstrap  estimates  (green  curves)  as  functions  of  A  for  a  synthetic  data  set  with  n  —  45 
observations  and  p  —  6000  variables.  At  a  reasonably  well  defined  point,  shown  by  the  left  vertical  dashed  line,  the 
bootstrap  and  parametric  estimates  become  equivalent  and  parametric  inference  may  be  performed.  The  right  vertical 
dashed  line  depict  the  point  where  solutions  are  considered  to  be  equivalent  to  pointwise  regression  (e  =  0.01). 


For  very  large  p,  the  entire  variance- covariance  matrix  is  intractable,  however,  we  are  usually  only  interested 
in  the  variance  of  the  estimates.  These  values  are  placed  along  the  diagonal  of  the  matrix  var(/3)  and  can  be 
efficiently  calculated  by, 

4  =  V2diag(D2(D2  +  \I)~2)-^.  (14) 

In  our  experience,  the  use  of  Equation  14  to  estimate  the  variance  of  the  regression  coefficients  is  satisfactory 
in  cases  where  n  >  p,  while  the  p  >  n  case  requires  some  care.  Complications  arise  in  such  cases  for  weakly 
regularized  models.  As  A  approaches  zero,  so  does  the  sum-of-squared  residuals  and  therefore  also  the  variance 
crj \.  This  behavior  is  counter-intuitive  since  we  expect  the  variance  to  grow  as  less  regularization  is  applied. 
However,  empirical  evidence  suggest  that  the  variance  estimation  is  correct  for  sufficiently  large  values  of  A. 
Figure  2  shows  characterizes  this  property.  The  graph  is  based  on  a  synthetic  data  set  with  p  =  6000  and 
n  =  45,  where  green  and  red  lines  represent  bootstrapped  and  parametric  estimates  respectively.  Assuming 
the  bootstrapped  estimates  are  reasonably  accurate,  it  is  seen  that  they  coincide  with  the  parametric  estimates 
when  sufficient  regularization  is  applied.  Identification  of  the  critical  point  A  min  where  <7^  coincides  with  the 
bootstrapped  estimates  is  important,  as  this  tells  us  the  range  of  A  where  parametric  inference  can  be  safely 
used.  A  formal  expression  for  the  variance  of  Zi,  which  could  be  used  to  obtain  a  rigorous  expression  for  A m^n, 
is  a  complicated  expression  of  y.  Intuitively,  however,  the  behavior  of  the  curves  in  Figure  2  is  related  to  the 
values  of  the  diagonal  matrix  D2.  One  expression  for  A m^n  that  has  proved  to  be  a  sufficiently  accurate  estimate 
in  a  variety  of  applications  is 

^ min 

l)iit  we  have  yet  to  prove  its  validity.  This  point  is  shown  by  the  left  vertical  dashed  lines  in  Figure  2.  Estimation 
for  values  of  A  below  this  point  should  not  be  carried  out  using  the  parametric  approach  described  above.  Instead, 
we  suggest  resorting  to  bootstrap  methods  in  such  cases.  However,  we  anticipate  that  interesting  solutions  are 
found  for  relatively  large  values  of  A,  since  the  variance  of  the  estimates  increase  quickly  as  A  becomes  smaller 
in  cases  where  p  »  n. 

An  important  question  is  whether  there  is  a  natural  connection  between  ridge  and  pointwise  regression.  The 
presentation  of  the  two  methods  in  Section  2.1  and  2.2  indicates  their  similarities,  both  methods  focus  on  the 
variance  of  the  variables  rather  than  their  covariance.  Can  this  relation  be  expressed  more  formally?  It  turns 
out  that  as  A  grows,  the  significance  of  the  ridge  solutions  approach  those  of  pointwise  regression.  Looking  at 
the  ridge  trace  in  Figure  1,  it  is  seen  that  the  (3  coefficients  are  shrunk  as  A  grows,  and  therefore  depart  from 
the  coefficients  of  pointwise  regression.  However,  the  corresponding  ^-statistics  behave  differently,  and  turn  out 
to  be  equal  to  those  of  pointwise  regression  in  the  limit.  We  state  this  finding  in  the  following  theorem. 

Theorem  2.1.  In  the  limit  A  — ►  00 ;  the  z-statistics  of  ridge  regression  and  pointwise  regression  are  equivalent. 

Proof.  Let  ft  =  (XTX  +  AI)-1  and  let  Cc q  be  the  ith  column  of  ft.  The  ith  ^-statistic  resulting  from  ridge 


(15) 
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regression  is  then 


Zi(  A)  = 


A  (A) 
aPi  (A) 


WfXTy 


Oe\  U>7~X7'Xu)i 


(16) 


We  note  that  fl  — >  I/A  as  A  — >  oo.  This  means  that  u>t  simplifies  to  a  zero  vector  with  the  ith  entry  equal  to 
1/A.  The  expression  for  zi( A)  becomes 


lim  Zi( A) 

A — »oo 


1  T 

jx'  y 


(xfx^^xfy 

CTe^xfxi)-1 


(17) 


This  expression  is  equivalent  to  the  pointwise  estimation  of  2*.  □ 

This  property  of  ridge  regression  is  characterized  in  Figure  3.  In  this  case  n  >  p  which  means  that  solutions 
range  from  ordinary  least  squares  regression  for  A  =  0  to  pointwise  regression  for  A  — >  oo. 


Figure  3.  Plot  showing  the  z-scores  of  each  regression  coefficient  as  a  function  of  A  for  a  small  regression  problem  with 
p  =  10  and  n  —  442.  For  A  =  0  the  full  OLS  solution  is  obtained  (no  bias,  high  variance),  marked  by  the  left  set  of 
crosses.  For  A  sufficiently  large,  the  results  converge  to  those  of  pointwise  regression  (high  bias,  low  variance),  marked  by 
the  right  set  of  crosses.  The  remaining  difference  between  the  methods  at  this  location  has  to  do  with  the  estimation  of 
the  error  variance  a£. 


Theorem  2.1  points  to  an  important  connection  between  the  two  methods;  pointwise  regression  is  a  special 
case  of  ridge  regression.  It  also  motivates  the  use  of  ridge  regression  in  cases  where  pointwise  regression  is 
normally  used;  it  is  unlikely  that  the  amount  of  bias  introduced  in  pointwise  regression  yields  the  lowest  error 
rate.  Instead,  consideration  of  cases  with  slightly  less  bias,  where  correlation  information  is  introduced  to  some 
extent,  may  be  beneficial.  The  results  also  makes  clear  that  values  of  A  over  a  certain  threshold  are  uninteresting, 
as  the  ridge  solutions  have  converged  to  pointwise  regression  at  that  point.  This  enables  the  calculation  of  an 
upper  limit  of  A,  in  addition  to  the  lower  limit  of  Equation  15.  This  limit  can  be  defined  in  terms  of  the  value 
dmax  —  max^  di  as 


A 


max 


(18) 


For  this  choice  of  A,  the  elements  of  the  matrix  (D2  +  AI)-1  will  deviate  at  most  lOOe  %  from  the  matrix  I/A, 
where  e  again  is  a  small  number  0<e<  1.  Equations  15  and  18  now  provide  suitable  choices  of  endpoints  for  the 
range  of  regularization.  The  upper  limit  is  represented  by  the  right  vertical  dashed  line  in  Figure  2. 

The  derivation  in  Theorem  2.1  assumes  that  the  error  variance  is  measured  in  the  same  way  for  both 
methods.  This  is  usually  not  the  case.  Equation  13  gives  this  estimate  for  ridge  regression  while  the  estimate  for 
pointwise  regression  is  =  ej £i/(n  —  p )  where  p  =  2  +  g  and  g  is  the  number  of  confounding  variables,  if  any. 
However,  performing  the  same  asymptotic  analysis  as  above  for  the  error  variance  for  ridge  regression  gives, 


lim  cr2( A)  = 


(y  ~  X/3(A))T(y  —  X/3(A)) 
n  —  df  (A) 


T 

y  y 


var(y), 


(19) 


a  measure  of  the  error  variance  that  is  known  to  be  reasonably  close  to  ej Si/(n  —  p). 
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At  the  other  end  of  the  spectrum  where  A  =  0,  what  regression  problem  is  ridge  regression  solving?  With 
the  formulation  of  Equation  5,  A  =  0  is  clearly  not  a  valid  choice,  however,  the  matrix  D2  of  Equation  9  has  full 
rank  and  is  thus  invertible.  In  this  case  and  with  no  regularization,  the  solution  is  readily  seen  to  correspond  to 
a  principal  component  regression  (PCR)  using  all  non-zero  basis  vectors. 

An  interesting  question  is  how  ridge  regression  relates  to  multiple  comparisons  issues.  In  particular,  the 
multiple  testing  performed  with  pointwise  regression  lead  to  overly  optimistic  significance  values  which  must  be 
corrected.27  At  first  sight,  ridge  regression  appears  to  offer  a  remedy  to  this  complication.  All  p  coefficients  are 
estimated  in  a  single  analysis,  and  multiple  comparison  adjustment  should  therefore  not  be  necessary.  However, 
we  have  just  seen  that  pointwise  regression  is  a  special  case  of  ridge  regression.  There  appears  to  be  a  conflict  here; 
ridge  solutions  bridge  OLS  estimates,  where  adjustment  for  multiple  comparisons  is  not  commonly  considered, 
and  pointwise  regression  where  adjustment  is  clearly  necessary.  The  key  realization  is  that  the  assessment  oj 
a  single  regression  coefficient  is  one  test ,  regardless  of  whether  it  has  been  estimated  via  a  separate  regression 
equation  or  is  part  of  a  larger  regression  analysis.  If  a  series  of  regression  coefficients  are  estimated  in  a  single 
analysis,  and  a  single  one  of  those  is  subsequently  assessed  for  its  statistical  relevance,  multiple  comparisons 
correction  is  not  necessary.  But  as  soon  as  more  than  one  regression  coefficient  is  interpreted ,  adjustment  should 
be  carried  out.  This  is  naturally  of  great  importance  in  ridge  regression  of  brain  data,  where  a  million  regression 
coefficients  might  be  estimated  and  all  of  them  are  interpreted.  There  are  a  range  of  methods  available  for 
adjustment  for  multiple  comparisons.  In  this  paper,  we  employ  methods  for  adjustment  based  on  non-parametric 
permutation  testing.27  Specifically,  two  tests  are  considered,  one  where  the  z- values  for  each  voxel  are  compared 
to  the  empirical  distribution  function  (EDF)  of  a  maximal  statistic ,  built  from  the  set  of  maximal  z- values  over 
the  entire  image  for  a  large  number  of  permutations,  and  one  where  the  maximal  size  of  the  clusters  (contiguous 
^-values)  over  the  image  is  compared  to  the  EDF  of  maximal  cluster  sizes  under  permutations. 

2.5  Model  Selection 

The  choice  of  the  regularization  parameter  A  is  crucial  for  the  estimation  of  a  coefficient  vector  (3  that  is  as 
close  as  possible  to  the  true  (unknown)  model.  Generally,  most  model  selection  algorithms  work  by  estimating 
some  measure  of  performance  for  a  number  of  different  choices  of  A,  and  then  picking  the  model  with  the 
highest  score.  Here,  we  let  n\  be  the  number  of  candidate  models,  where  A  is  specified  at  equidistant  points 
on  a  log-scale.  Generic  methods  to  estimate  an  optimal  A  include  Akaike’s  information  criterion  (AIC),28  the 
Bayesian  information  criterion  (BIC),29  Mallow’s  Cp  statistic30  and  cross-validation  and  bootstrap  methods.22 
For  a  Gaussian  model  such  as  ridge  regression,  BIC  is  proportional  to  AIC,  and  AIC  is  equivalent  to  Cp.26  The 
Cp  (or  AIC)  criterion  for  the  ridge  model  is 

Cp(  A)  =  £Te  +  2^-cr2,  (2°) 

where  e  denote  the  residuals  as  before,  df( A)  are  the  effective  number  of  parameters  and  cr2  is  the  estimate  of  the 
residual  variance  from  Equation  13,  estimated  from  a  low-bias  model.26,31  The  first  term  measures  the  training 
error,  an  increasing  function  of  A.  The  second  term  is  monotonically  decreasing  and  measures  the  flexibility  of 
the  model,  a  quantity  known  as  the  optimism  of  the  training  error.  The  idea  is  that  the  minimum  of  Cp( A) 
corresponds  to  a  value  of  A  that  balances  the  two  terms  in  a  suitable  fashion. 

Leave-one-out  cross-validation  is  another  technique  which  can  be  used  for  model  selection.  This  can  be 
computed  efficiently  for  ridge  regression32  by 

cv<"-“'w4g(Vtf)2'  (21) 

where  Hf  is  the  ith  row  of  H  and  Ha  is  the  ith  diagonal  element  of  H. 

3.  RESULTS 

Three-dimensional  Tl-weighted  MRI  images  (matrix  size  138x148x103,  voxel  size  lx  1x1.5  mm)  were  obtained 
from  38  subjects  with  mild  cognitive  impairment  (78  d=  6  years  of  age,  16  women,  MMSE  28.3  d=  1.5)  and  7 
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controls  (71  db  4  years  of  age,  3  women,  MMSE  29.6  db  0.9).  Parallel  to  image  acquisition,  neuropsychological 
testing  was  carried  out  with  repetition  after  one  year.  Testing  included  the  clinical  dementia  rating  (CDR) 
and  parts  of  the  California  Verbal  Learning  Test  (cf.  e.g.  Elwood33).  The  latter  included  memory  tests  where 
the  subject  is  asked  to  remember  a  set  of  items  from  a  typical  shopping  list  after  either  a  short  or  a  long 
delay.  Hints  in  the  form  of  category  cues  may  be  given  resulting  in  four  variants  of  the  test;  Short  Delay 
Free  Recall  (SDFR),  Short  Delay  Cued  Recall  (SDCR),  Long  Delay  Free  Recall  (LDFR)  and  Long  Delay  Cued 
Recall  (LDCR).  Longitudinal  change  scores  were  computed  as  (scorebaseiine  —  score(iyear))/(test  interval  (years)), 
where  a  positive  score  indicates  cognitive  decline.  A  thorough  description  of  the  test  protocol  along  with  clinical 
interpretation  of  the  results  is  deferred  to  a  later  paper.  Preliminary  clinical  results  on  the  present  data  set  using 
pointwise  regression  with  adjustment  for  multiple  comparisons  are  presented  by  Cardenas  et  al.34 

Images  were  spatially  normalized  with  respect  to  a  common  reference  using  a  B-spline-based  algorithm  for 
non-rigid  registration.35  A  single  subject  was  used  as  a  reference.  For  each  subject,  the  procedure  results  in 
a  continuous  representation  of  the  transformation  that  maps  the  reference  to  the  subject.  This  transformation 
describes  both  global  properties,  such  as  differences  in  position  between  the  subject  and  reference,  as  well  as  local 
transformations.  To  obtain  a  positioning-invariant  representation  of  anatomy  suitable  for  morphometric  analysis, 
the  deformation  field  is  differentiated  along  each  axis,  resulting  in  a  (3  x  3)  Jacobian  matrix  of  derivatives  at  each 
image  coordinate,  measuring  the  rate  at  which  the  deformation  field  changes  in  each  direction.  The  determinant 
of  the  Jacobian  matrix  gives  a  single  measure  of  local  volume  change  -  a  contraction  or  an  expansion.36  This 
measure  was  estimated  at  each  reference  voxel  location  for  each  subject,  rendering  n  =  45  images  of  local 
expansions  and  contractions  relative  to  the  reference  anatomy. 

The  assumption  of  pointwise  regression  that  voxels  are  not  significantly  correlated  across  the  brain  must  be 
violated  if  the  application  of  ridge  regression  is  to  lead  to  an  improvement  of  the  analysis.  Figure  4  provides 
a  hint  of  the  typical  correlation  patterns  found  in  this  type  of  data.  Correlation  coefficients  are  calculated  for 
each  voxel  in  relation  to  a  single  reference  voxel  which  approximate  location  is  evident  from  the  figure.  The 
correlation  pattern  is  seen  to  be  focused  around  the  seed  voxel,  but  extends  throughout  the  brain  with  varying 
sign  and  strength. 


-0-6  o  0.6 


Figure  4.  Correlation  structure  for  the  spatial  data  in  reference  to  a  single  voxel.  Correlations  are  significant  and  extend 
throughout  the  entire  brain,  motivating  the  use  of  an  analysis  method  that  takes  this  information  into  account. 

Separate  regression  analyses  were  carried  out  for  the  test  interval  normalized  change  scores  of  SDFR,  SDCR, 
LDFR,  LDCR  and  CDR.  The  set  of  confounding  variables  were  age,  group  (normal/control),  test  score  at  base¬ 
line,  and  head  size,  approximated  by  the  average  determinant-of- Jacobian  value  of  each  subject.  For  pointwise 
regression,  spatial  variables  were  used  as  dependent  variables  while  change  scores  and  confounding  variables 
made  up  the  set  of  independent  variables.  This  is  a  convenient  construction  as  the  data  matrix  stays  the  same 
between  analyses.  With  ridge  regression,  change  scores  were  dependent  variables  and  all  spatial  variables  entered 
the  model  simultaneously  as  independent  variables.  Confounding  variables  were  factored  out  prior  to  the  analysis 
using  the  method  described  in  Section  2.2.  All  results  given  below  are  uncorrected  for  multiple  comparisons. 
Adjusting  the  results  for  multiple  comparisons  using  the  methods  discussed  in  Section  2.4  did  not  yield  significant 
results  on  this  data  set.  The  analysis  is  restricted  to  intracranial  voxels,  determined  from  simple  thresholding  of 
the  average  anatomy.  This  results  in  a  total  of  p  =  860  368  voxels/variables. 

Figures  5,  6  and  7  show  examples  of  how  the  significance  patterns  resulting  from  ridge  regression  (top 
rows)  are  distributed  over  the  average  anatomy,  compared  to  pointwise  regression  (bottom  rows).  Positive 
values  correspond  to  areas  where  either  significant  contraction  lead  to  smaller  cognitive  change  scores,  or  where 
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significant  expansions  lead  to  increase  change  scores.  Conversely,  negative  values  correspond  to  areas  where 
significant  contractions  lead  to  increased  scores,  i.e.  greater  cognitive  decline,  while  expansions  relate  to  decreased 
scores.  Typically,  one  may  see  positive  values  in  areas  with  cerebrospinal  fluid  (CSF)  where  expansion  due  to 
contraction  of  surrounding  tissue  is  related  to  greater  cognitive  decline,  and  negative  values  in  gray  and  white 
matter  where  contraction  due  to  tissue  atrophy  is  related  to  cognitive  decline. 

None  of  the  proposed  model  selection  criteria  provided  reliable  information  for  accurate  model  selection,  a 
problem  which  we  discuss  below.  Values  of  the  regularization  parameter  where  set  to  A  =  75766  for  SDFR, 
A  =  99791  for  LDFR,  and  A  =  109386  for  LDCR.  Parametric  inference  was  used,  and  all  values  of  A  were  well 
within  the  interval  suggested  in  Section  2.4. 


-3  ±1.96  3 


Figure  5.  Axial,  sagittal  and  frontal  views  of  the  average  anatomy  with  significant  areas  overlaid  for  the  SDFR  test  using 
ridge  regression  (top  row)  and  pointwise  regression  (bottom  row). 
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Figure  6.  Axial,  sagittal  and  frontal  views  of  the  average  anatomy  with  significant  areas  overlaid  for  the  LDFR  test  using 
ridge  regression  (top  row)  and  pointwise  regression  (bottom  row). 
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Figure  7.  Axial,  sagittal  and  frontal  views  of  the  average  anatomy  with  significant  areas  overlaid  for  the  LDCR  test  using 
ridge  regression  (top  row)  and  pointwise  regression  (bottom  row). 
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4.  DISCUSSION 


The  central  point  of  this  paper  is  to  clarify  the  connection  between  pointwise  regression  and  ridge  regression, 
and  to  show  how  the  latter  can  be  used  as  a  generalization  of  the  former.  Careful  introduction  of  covariance 
information  from  the  spatial  data  may  result  in  more  accurate  results.  This  means  that  significance  levels 
for  individual  variables  may  both  rise  and  fall,  in  part  due  to  effects  known  as  supression  and  redundancy .37 
Figures  5,  6  and  7  all  show  a  general  increase  in  significance  for  the  chosen  values  of  A.  In  contrast,  the 
significance  levels  for  CDR  generally  decreased.  This  variation  of  the  significance  levels,  and  ultimately  the 
clinical  interpretation  of  the  results,  makes  determination  of  a  proper  value  of  A  crucial.  We  note  that  resorting 
to  pointwise  regression,  which  corresponds  to  a  particular  choice  of  A,  is  no  solution  to  this  problem. 

As  mentioned  in  Section  3  above,  none  of  the  investigated  criteria  for  model  selection  proved  reliable  in  extreme 
cases  where  p  »  n.  The  Cp-criterion  of  Equation  20  contains  a  measure  of  the  error  variance  a f  for  a  low-bias 
model,  which  proved  difficult  to  estimate.  Using  Equation  13  with  A  — ►  0  for  this  purpose  results  in  —>  0.  The 
resulting  expression  for  Cv  becomes  a  function  of  the  training  error  only  and  does  not  provide  any  information 
for  selecting  a  suitable  model.  Generalized  cross-validation  does  not  suffer  from  this  complication.  However,  in 
the  authors’  experience  on  a  variety  of  problems  where  p  »  n,  cross-validation  and  bootstrap  methods  do  not 
provide  enough  information  to  confidently  choose  an  appropriate  model.  A  reasonable  explanation  for  this  is  that 
the  cross-validation  estimates  become  highly  variable  as  modifications  to  the  relatively  small  set  of  observations 
cause  considerable  differences  in  the  much  larger  set  of  regression  coefficients. 

Inference  for  p  n  ridge  regression  models  is  less  troublesome  but  also  calls  for  further  investigation.  Two 
interesting  questions  arise.  The  first  regards  the  accuracy  and  reliability  of  bootstrap  estimates  of  the  variance 
of  the  regression  coefficients.  Is  the  bootstrap  accurate  enough  to  act  as  ground  truth  in  this  case?  Carefully 
designed  experiments  on  synthetic  data  may  provide  a  partial  answer.  The  second  question  regards  the  lower 
limit  of  the  interval  of  A- values  suggested  for  parametric  inference.  What  is  the  rationale  for  using  this  estimate? 

5.  CONCLUSIONS 

This  paper  has  presented  the  use  of  ridge  regression  as  a  generalization  of  pointwise  regression,  a  common 
approach  for  analyzing  very  high-dimensional  data  sets  such  as  those  resulting  from  non-rigid  registration  of 
three-dimensional  image  data.  A  detailed  revision  of  the  mathematical  properties  of  ridge  regression  was  pro¬ 
vided,  along  with  theoretical  and  empirical  findings  on  inference,  model  selection  and  adjustment  for  multiple 
comparisons.  The  central  issue  of  selecting  a  suitable  amount  of  regularization,  consisting  of  picking  a  suitable 
value  of  the  regularization  parameter  A  out  of  a  set  of  candidates,  was  discussed.  A  suggestion  for  a  suitable 
lower  limit  of  A,  where  parametric  inference  becomes  possible,  was  given  in  Equation  15.  While  this  choice  is 
admittedly  ad  hoc ,  a  more  rigorous  choice  of  an  upper  limit  of  A  was  suggested  in  Equation  18,  a  point  where  the 
difference  between  ridge  regression  and  pointwise  regression  becomes  negligible.  Within  this  interval,  the  value 
of  A  that  gives  the  lowest  prediction  error  and  allows  for  the  most  relevant  clinical  interpretation  is  difficult  to 
determine  for  models  with  p  n.  The  method  was  applied  to  a  set  of  whole-brain  deformation  maps,  consisting 
of  a  measure  of  contraction/expansion  in  each  voxel.  The  results  were  shown  to  correspond  well  to  those  of 
the  pointwise  approach,  but  also  showed  characteristic  differences  that  were  suggestive  of  the  potential  of  the 
method. 
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ABSTRACT 

Traumatic  brain  injury  (TBI)  is  a  major  health  problem  in  the  US  affecting  both  civilians 
and  military  personnel.  One  of  the  major  sources  of  central  nervous  system  (CNS)  injury  after 
trauma  is  from  ischemia/hypoxia  to  brain  tissue  and  especially  to  neurons.  Death  of  axons  and 
neurons  resulting  from  ischemic  injury  leads  to  sensory  and  motor  deficits  and  alterations  in 
cognitive  and  emotional  functioning  clinically.  Patients  with  TBI  and  with  other  forms  of 
ischemic/hypoxic  cerebral  insults  often  suffer  from  post-traumatic  epilepsy  (PTE).  The 
molecular  and  cellular  changes  in  neurons  after  TBI  include  hyperexcitability  and  cell  death  (or 
apoptosis)  in  affected  brain  regions  and  progress  to  tissue  scarring  (gliosis)  and  the 
reorganization  of  neuronal  networks.  These  changes  eventually  generate  persistent  epileptic  foci 
and  chronic  seizures.  Histological  studies  of  brain  tissues  from  patients  with  epilepsy  and  from 
animals  with  brain  injury  indicate  that  neuronal  death  is  closely  correlated  with  decreased 
expression  of  metabotropic  or  type  B  GABA  receptors  (GABA-B-Rs).  Furthermore,  GABA-B- 
R1  knockout  mice  display  recurrent  seizures  and  die  shortly  after  birth.  This  suggests  a  close 
linkage  between  GABA-B-R  expression,  neuronal  excitability  and  survival,  and  seizures. 

In  the  brain,  GABA-B-Rs  are  co-expressed  with  Ca2+-sensing  receptors  (CaRs).  CaRs 
couple  changes  in  the  extracellular  [Ca  ]  ([Ca  ]e)  to  signaling  pathways  controlling  secretion, 
growth,  and  differentiation  in  many  cell  types.  In  neurons  and  neuroglia,  raising  [Ca2+]e  opens 
membrane  ion  channels,  releases  Ca2+  from  intracellular  stores,  and  enhances  cell  excitability  via 
the  activation  of  CaRs.  Our  recent  studies  showed  that  CaRs  form  heteromeric  complexes  with 
GABA-B-Rls,  and  the  interactions  between  these  receptors  lead  to  reduced  CaR  expression  and 
signaling.  In  cultured  mouse  hippocampal  neurons,  where  CaRs  and  GABA-B-Rs  are  co¬ 
localized  and  co-immunoprecipitate,  blocking  the  expression  of  GABA-B-Rls  increased  the 
expression  of  CaRs  and  promoted  apoptosis.  We  hypothesize  that  increased  expression  and 
signaling  of  CaRs  are  central  components  of  the  cellular  response  to  reduced  GABA-B-R  1 
expression  and  signaling  in  neurons  after  brain  injury.  To  test  this  hypothesis,  we  propose  two 
aims.  Aim  1:  To  determine  whether  increased  CaR  expression  promotes  a  state  of  Ca2+  overload 
and  increases  apoptosis  in  neurons  lacking  the  GABA-B-R  1  and  in  neurons  subjected  to 
ischemia  in  vitro  and  whether  knockout  of  CaR  gene  blocks  ischemia-induced  Ca2+  overload. 
Aim  2:  To  determine  the  role  of  CaRs  in  brain  injury  in  vivo  by  comparing  ischemia-induced 
changes  in  the  hippocampus  of  wild-type  (WT)  vs  CaR  knockout  mice  and  by  testing  whether 
CaR  antagonists  reduce  neuronal  death  induced  by  ischemia.  Successful  completion  of  these 
studies  will  provide  novel  insights  into  molecular  and  cellular  changes  involving  CaRs  and 
GABA-B-Rs  that  result  in  altered  signal  transduction,  gene  expression  and  apoptosis  in  neurons 
after  brain  injury.  These  mechanisms  may  explain  key  aspects  of  TBI  and  PTE.  Finally,  these 
studies  may  identify  a  potential  therapeutic  target  to  protect  neurons  exposed  to  ischemic  injury. 
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This  pilot  project  addresses  the  hypothesis  that  increased  expression  and  signaling  of  the 
extracellular  Ca2+-sensing  receptors  (CaRs)  are  central  components  of  the  cellular  response  to 
reduced  GABA-B-R1  expression  and  signaling  in  neurons  after  brain  injury.  Two  specific  aims 
are  proposed.  In  Aim  1,  studies  of  cultured  neurons  will  be  carried  out  to  determine  whether 
increased  CaR  expression  promotes  a  state  of  Ca2+  overload  and  increases  apoptosis  in  neurons 
lacking  the  GABA-B-R1  and  in  neurons  subjected  to  ischemia  in  vitro  and  whether  knockout 
(KO)  of  CaR  gene  blocks  ischemia-induced  Ca2+  overload.  In  Aim  2,  mouse  models  will  be 
generated  and  studied  to  determine  the  role  of  CaRs  in  brain  injury  in  vivo  by  comparing 
ischemia-induced  changes  in  the  brains  of  wild-type  (WT)  vs  neuron-specific  CaR  knockout 
mice  and  by  testing  whether  CaR  antagonists  reduce  neuronal  death  induced  by  ischemia. 

Only  3  months  have  passed  since  the  award  was  granted  on  July  1,  2008,  however, 
substantial  progress  has  been  made  toward  these  goals. 


BODY 


In  order  to  perform  in  vitro  and  in  vivo  ablation  of  the  CaR  gene  in  neurons,  we  made 
floxed-CaR  mice,  which  carry  loxP  sequences  flanking  the  CaR  gene.  These  mice  not  only 
provide  floxed-CaR  neurons  that  permit  in  vitro  excision  of  the  CaR  gene  by  infecting  the  cells 
with  adenoviruses  expressing  Cre  recombinase  (Ad-Cre)  but  also  allow  gene  ablation  in  neurons 
in  vivo  by  breeding  the  floxed-CaR  mice  with  mice  expressing  Cre  recombinase  under  the 
control  of  neuron-specific  gene  promoters. 

To  validate  our  gene  targeting  strategy,  we  bred  the  floxed-CaR  mice  with  mice 
expressing  Cre  under  the  control  of  a  parathyroid  hormone  (PTH)  promoter  (7)  to  produce  mice 
with  parathyroid  cell-specific  KO  of  CaR  (PTH-CaR-KO),  as  the  function  of  CaR  in  parathyroid 
cells  has  been  extensively  documented.  The  PTH-CaR-KO  mice  developed  severe 
hyperparathyroidism,  hypercalcemia,  hypophostemia,  and  growth  retardation.  These  phenotypes 
recapitulate  the  phenotypes  of  a  generalized  CaR  KO  mouse  model  developed  previously  by  Ho 
and  colleagues  (2).  We  also  generated  mice  with  CaR  KO  targeted  to  chondrocytes  and  bone 
cells.  The  latter  mice  showed  severe  retardation  of  embryonic  and  postnatal  bone  growth, 
respectively,  supporting  a  critical  role  for  the  CaR  in  skeletal  development.  Detailed  phenotypes 
of  the  above  conditional  knockout  mice  have  been  published  in  the  Science  Signaling  (3).  These 
data  together  validate  our  gene  knockout  strategy. 

For  Aim  2,  we  bred  floxed-CaR  mice  and  mice  expressing  Cre  recombinase  under  the 
control  of  the  nestin  gene  promoter  (Nes-Cre)  to  generate  neuron-specific  CaR  knockout  mice 
(Nes-CaR-KO).  The  nestin  gene  is  specifically  expressed  in  neurons  in  the  central  nervous 
system  ( 4 ).  Preliminary  observations  indicate  that  both  homozygous  and  heterozygous  Nes-CaR- 
KO  mice  are  viable.  However,  their  body  sizes  are  smaller  by  ~10%  than  their  WT  littermates. 
Histology  is  underway  to  assess  the  impact  of  CaR  KO  on  the  brains  of  these  mice.  In  the 
coming  months,  the  KO  mice  and  their  WT  littermates  will  be  subjected  to  ischemia  using 
vessel-occlusion  techniques  to  determine  whether  ablation  of  CaR  expression  protects  the 
neurons  from  Ca  -overload  and  apoptosis. 

For  Aim  1,  we  have  begun  to  isolate  and  culture  hippocampal  and  cerebral  cortex 
neurons  from  floxed-CaR  mice.  Preliminary  observations  indicate  that  the  cells  are  viable  and 
differentiate  well  like  WT  cells.  We  have  also  prepared  stocks  of  Ad-Cre  viruses.  We  will  soon 
infect  floxed-CaR  neurons  with  the  viruses  to  ablate  CaR  expression  and  incubate  the  infected 
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cells  under  standard  ischemic  conditions  to  test  whether  CaR  KO  protects  the  cells  from 
ischemia-induced  Ca2+-overload  and  apoptosis  in  vitro. 

KEY  RESEARCH  ACCOMPLISHMENTS 

-  We  have  generated  all  animal  models  needed  for  the  experiments  proposed  in  Aim  2. 

-  We  have  established  neuron  cultures  for  experiments  proposed  in  Aim  1 . 

REPORTABLE  OUTCOMES 

-  We  have  reported  the  generation  and  characterization  of  the  floxed  CaR  mice  in  an  article 
in  the  Science  Signaling  in  September  2008. 

CONCLUSION 

During  the  first  3  months  of  the  funding  period,  we  have  successfully  obtained  mouse 
models  and  established  cell  culture  systems  required  for  the  proposed  experiments.  Preliminary 
studies  showed  growth  retardation  in  Nes-CaR-KO  mice,  suggesting  that  CaR  KO  might  have 
produced  neurological  disorders  that  lead  to  blunted  growth.  In  addition  to  pathological 
assessment  of  the  brains  in  the  KO  mice,  we  will  determine  whether  secretion  of  growth 
hormone  and  other  growth  factors  that  are  produced  by  neuroendocrine  tissues  were  also 
affected.  This  information  will  be  important  in  interpreting  the  outcomes  of  the  mice  after  they 
are  exposed  to  ischemic  conditions.  We  cannot  rule  out  the  possibility  that  potential  changes  in 
levels  of  hormonal  factors  in  the  Nes-CaR-KO  mice  could  prevent  a  clear  conclusion  regarding 
the  effect  of  CaR  KO  on  ischemia-induced  changes  in  the  brain,  but  we  think  it  is  unlikely  as 
proper  controls  are  included.  If  this  becomes  an  issue,  we  will  turn  to  another  neuron-specific 
CaR  KO  mouse  model  (CamK-CaR-KO)  bred  from  mice  expressing  Cre  under  the  control  of  the 
CamKIIa  gene  promoter  (5).  The  CamKIIa  is  specifically  expressed  in  subregions  of  the 
hippocampus  where  the  CaR  is  also  expressed  (6).  We  could,  therefore,  use  this  mouse  model  to 
study  the  impact  of  CaR  KO  on  ischemia-induced  changes  in  hippocampal  neurons. 
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The  extracellular  Ca2+-sensing  receptor  (CaSR)  plays  a  nonredundant  role  in  the  functions  of  the  para¬ 
thyroid  gland  (PTG)  and  the  kidney.  Severe  hyperparathyroidism,  premature  death,  and  incomplete  gene 
excision  in  Casr~'~  mice  have  precluded  the  assessment  of  CaSR  function  in  other  tissues.  We  generated 
mice  with  tissue-specific  deletion  of  Casr  in  the  PTG,  bone,  or  cartilage.  Deletion  of  Casr  in  the  PTG  or 
bone  resulted  in  profound  bone  defects,  whereas  deletion  of  Casr  in  chondrocytes  (cartilage-producing 
cells)  resulted  in  death  before  embryonic  day  13  (El  3).  Mice  in  which  chondrocyte-specific  deletion  of 
Casr  was  induced  between  El  6  and  El  8  were  viable  but  showed  delayed  growth  plate  development.  Our 


data  show  a  critical  role  for  the  CaSR  in  early  embryogenesis 
INTRODUCTION 

Changes  in  the  concentration  of  extracellular  Ca2+  ([Ca2+]e)  modulate  di¬ 
verse  biological  activities,  such  as  secretion,  neurotransmission,  muscle 
contraction,  and  coagulation  (1-3).  To  maintain  systemic  Ca2+  homeosta¬ 
sis,  land-dwelling  tetrapods  developed  skeletons  to  serve  as  Ca2+  reser¬ 
voirs,  which,  together  with  complex  hormonal  systems  to  transport  Ca2+ 
into  and  out  of  bone,  meet  the  body’s  demands  for  Ca2+.  Parathyroid  cells 
(PTCs)  are  the  first  responders  in  the  control  of  systemic  Ca2+  homeostasis. 
When  the  [Ca2+]e  falls  below  a  certain  threshold,  PTCs  rapidly  release 
parathyroid  hormone  (PTH),  which  increases  bone  resorption,  releasing 
Ca2+  from  the  bone  matrix  into  the  circulation,  and  promotes  renal  Ca2+ 
reabsorption.  Both  actions  tend  to  restore  the  serum  [Ca2+]  to  normal. 
Chronically,  PTH  increases  1,25-dihydroxyvitamin  D3  production  to  en¬ 
hance  intestinal  Ca2+  absorption.  When  the  [Ca2+]e  increases,  the  release 
of  PTH  and  the  transcription  of  its  gene  are  suppressed,  and  the  above  re¬ 
sponses  are  muted. 

The  extracellular  Ca2+-sensing  receptor  (CaSR),  a  guanine  triphos¬ 
phate  (GTP)-binding  protein  (G  protein)-coupled  receptor  (GPCR), 
couples  changes  in  [Ca2+]e  to  signaling  responses  in  PTCs  (2,  3).  Het¬ 
erozygous  and  homozygous  inactivating  mutations  in  Casr  cause  familial 
benign  hypocalciuric  hypercalcemia  (FBHH)  and  neonatal  severe  hyper¬ 
parathyroidism  (NSHPT),  respectively  (7,  2,  4).  Patients  with  these  disor¬ 
ders  have  mildly  to  severely  elevated  serum  PTH  concentrations 
[hyperparathyroidism  (HPT)]  and  high  serum  [Ca2+]  (hypercalcemia)  de¬ 
pending  on  gene-dosage  effects.  Despite  hypercalcemia,  patients  with 
FBHH  and  NSHPT  have  inappropriately  low  urinary  [Ca2+]  (hypocalciuria), 
confirming  that  renal  CaSRs  are  required  for  appropriate  Ca2+  ex¬ 
cretion  in  response  to  hypercalcemia.  Patients  with  NSHPT  have  se¬ 
vere  skeletal  demineralization  at  birth,  which  is  thought  to  be  due  to 
severe  HPT.  The  presence  of  CaSRs  in  bone  and  cartilage  has,  how¬ 
ever,  raised  the  question  of  whether  defective  signaling  of  CaSRs  in 
bone  cells,  chondrocytes,  or  both  may  contribute  to  the  skeletal  phe¬ 
notype  in  NSHPT. 
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and  skeletal  development. 

Studies  in  vitro  implicate  a  role  for  high  [Ca2+]e  in  enhancing  the  dif¬ 
ferentiation  of  osteoblasts  (5,  6)  and  growth  plate  chondrocytes  (GPCs) 
(7,  8).  CaSRs  are  found  in  both  cell  types  (9),  but  it  has  been  difficult  to 
show  a  role  for  these  receptors  in  skeletal  development  in  vivo.  Although 
generalized  Casr  knockout  (KO)  mice  (Casr~'~)  (10)  exhibit  severe  rickets 
and  growth  retardation  (77),  this  phenotype  is  rescued  when  the  CasC1 
mice  are  bred  with  mice  lacking  parathyroid  glands  (PTGs)  (72)  or  with 
mice  with  an  inability  to  synthesize  PTH  (13).  This  finding  led  to  the  idea 
that  HPT  alone  causes  the  skeletal  abnormalities  in  Casr~'~  mice  and  that 
the  absence  of  CaSRs  in  bone  and  cartilage  does  not  contribute  to  skeletal 
pathology  (72,  13). 

A  critical  aspect  of  Casr~'~  mice  that  has  come  to  light  is  that 
knockout  of  the  receptor  is  incomplete  because  of  the  alternative  splicing 
of  Casr.  In  the  growth  plate  (14),  skin  (75),  and  kidney  (75)  of  these 
mice,  an  alternatively  spliced  Casr  transcript,  which  lacks  exon  5,  is  gen¬ 
erated.  The  neomycin-resistance  gene  cassette  was  inserted  into  exon  5  to 
disrupt  Casr  expression  in  this  model.  RNA  splicing  allows  for  the  ex¬ 
pression  of  a  truncated  CaSR  lacking  77  amino  acid  residues  in  its  ex¬ 
tracellular  domain,  which  are  encoded  by  exon  5  (14).  Our  studies  (14) 
support  the  hypothesis  that  this  spliced  receptor  compensates  for  the  ab¬ 
sence  of  full-length  CaSRs  in  tissues  such  as  bone  and  cartilage  in  Casr~'~ 
mice  and  that  this  renders  this  knockout  incomplete.  Whether  the  compen¬ 
sation  is  partial  or  full  has  not  been  established.  To  determine  definitively 
the  role  of  CaSRs  in  skeletal  development,  we  generated  conditional 
knockouts  of  Casr  in  parathyroid,  bone,  and  cartilage  cells.  Our  findings 
support  a  requirement  for  the  CaSR  in  bone  growth  and  mineralization  by 
modulating  functions  of  PTCs,  osteoblasts,  and  GPCs. 

RESULTS 

Generation  of  a  floxed  Casr  mouse 

We  first  produced  mice  with  loxP  sites  flanking  exon  7  of  Casr ,  which 
are  referred  to  hereafter  as  floxed  Casr  mice.  Exon  7  encodes  the  seven 
transmembrane  domains  and  four  intracellular  loops  of  the  CaSR.  The 
targeting  strategy  used  to  introduce  loxP  sequences  into  129/SvJae  em¬ 
bryonic  stem  (ES)  cells  and  the  generation  of  floxed  Casr  mice  are  de¬ 
scribed  in  Materials  and  Methods  (Fig.  1A).  The  complete  integration  of 
the  loxP  sites  into  the  genome  of  the  ES  cells  before  blastocyst  injections 
and  the  generation  of  the  resulting  floxed  Casr  mice  were  confirmed  by 
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polymerase  chain  reaction  (PCR)  analyses  of  genomic  DNAs  with  three 
different  sets  of  primers  (Fig.  IB;  see  table  SI  for  primer  sequences).  To 
confirm  that  Cre  recombinase  could  excise  exon  7,  genomic  DNAs  were 
incubated  with  bacteriophage  PI  Cre  recombinase  in  vitro.  As  confirmed 
by  PCR  analyses,  the  enzyme  efficiently  excised  floxed  Casr  alleles  in 
DNA  from  ES  cells  and  from  heterozygous  and  homozygous  floxed  Casr 
mice  (Fig.  1C). 

Although  this  knockout  strategy  enabled  the  transcription  of  exons  1  to 
6,  which  encode  the  extracellular  domain  (amino  acid  residues  1  to  577)  of 
the  CaSR,  this  tmncated  protein  (AExon7-CaSR)  does  not  activate  phos¬ 
pholipase  C  (PLC)  as  assessed  by  the  inability  of  human  embryonic  kidney 
(HEK)  293  cells  expressing  AExon7-CaSR  complementary  DNA  (cDNA) 
to  produce  [3H]inositol  phosphates  (InsPs)  from  [3F1] inositol-labeled 
membrane  polyphosphoinositides.  The  AExon7-CaSR  receptor  fails  to  in¬ 
crease  total  InsP  production  in  response  to  increasing  [Ca2+]e  to  20  mM 
when  compared  with  cells  expressing  the  full-length  [also  referred  to  as 
wild-type  (WT)]  CaSR  (fig.  SI).  Expression  of  the  AExon7-CaSR  cDNA 
also  does  not  interfere  with  the  function  of  the  full-length  CaSR.  When 
HEK  293  cells  separately  transfected  with  cDNAs  encoding  full-length 
CaSR  or  AExon7-CaSR  were  subsequently  mixed,  cultured  together, 
and  then  tested  for  InsP  responses,  there  was  no  alteration  in  the  sensitivity 
or  magnitude  of  these  responses  to  high  [Ca2+]e  in  cells  expressing  full- 
length  CaSRs  (fig.  SI). 

To  confirm  the  physiological  role  of  the  CaSR  in  PTCs,  which  was  de¬ 
monstrated  previously  in  Casr1  mice  (10),  and  to  examine  the  contribution 
of  HPT  mediated  by  PTC-specific  deletion  of  Casr  to  skeletal  development 


in  vivo,  we  bred  floxed  Casr  mice  with  mice  expressing  Cre  recombinase 
cDNA  under  the  control  of  the  PTH  promoter  (PTH-Cre)  (16)  to  produce 
PTC-specific  Casr  KO  mice.  Heterozygous  (PTCasrWT/Aflox,  PT-Het)  and 
homozygous  KO  (PTCasrAflox/Aflox,  PT-KO)  mice  were  bom  in  the  expected 
Mendelian  ratios.  Control  littermates  had  one  or  two  floxed  Casr  alleles 
and  no  PTH-Cre  transgene.  Whereas  PT-Het  mice  developed  normally,  the 
growth  of  PT-KO  mice  was  severely  blunted,  and  they  died  within  2  weeks 
of  birth,  with  weights  about  45%  of  those  of  control  and  PT-Het  mice  (Fig. 
2A  and  Table  1).  Analyses  of  genomic  DNA  confirmed  that  the  genotypes 
were  correct  (Fig.  2B)  and  that  excision  of  exon  7  (AExon  7)  was  restricted 
to  PTGs  and  had  not  occurred  in  bone,  cartilage,  or  other  tissues  (Fig.  2C). 
Western  blotting  showed  that  the  abundance  of  full-length  CaSR  protein 
had  been  reduced  by  about  70%  in  PTGs  from  PT-Het  mice  and  by  more 
than  95%  in  PTGs  from  PT-KO  mice  compared  with  that  in  control  mice 
(Fig.  2D).  A  band  of  about  90  kD  corresponding  to  the  AExon7-CaSR 
protein  was  detected  in  PT-Het  and  PT-KO  PTGs,  but  not  in  the  PTGs 
of  control  littermates  (Fig.  2D). 

Quantitative  real-time  PCR  (qPCR)  performed  with  primers  targeted 
to  the  junction  of  exons  6  and  7  of  Casr  confirmed  strong  knockdown  of 
Casr  messenger  RNA  (mRNA)  (by  about  90%)  in  the  PTGs  of  PT-KO 
mice  (Fig.  2E).  We  observed  a  greater  (about  twofold)  abundance  of 
Casr  mRNA  in  the  PTGs  of  PT-Het  mice  compared  with  that  in  control 
mice,  which  is  indicative  either  of  an  increased  rate  of  Casr  transcription 
or  of  the  stabilization  of  Casr  mRNA  in  response  to  hypercalcemia  or 
another  biochemical  abnormality  in  these  mice.  This  is  further  supported 
by  the  increased  abundance  of  AExon7-CaSR  mRNA  in  the  PT-KO 
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Fig.  1.  Generation  of  floxed  Casr  mice.  (A)  The  gene-targeting  strategy  used 
to  introduce  loxP  sequences  to  flank  exon  7  of  Casr  required  a  construct 
containing  three  loxP  sites  flanking  exon  7  of  the  Casr  gene  and  the  cytidine 
deaminase  (CD)-neomycin  (NEO)  gene  cassette.  This  construct  was  trans¬ 
fected  into  129/SvJae  ES  cells  to  allow  homologous  recombination  with  en¬ 
dogenous  Casr  alleles.  The  resulting  floxed  Casr- containing  ES  cells  were 
injected  into  C57/BL6  blastocysts  to  produce  chimeric  mice  that  were  bred 
to  obtain  heterozygous  ( CasT /t/flox)  and  homozygous  (Cas/lox/flox)  mice. 


(B)  PCR  analyses  of  genomic  DNAs  from  floxed  Casr- containing  ES  cells 
before  blastocyst  injection  and  from  the  tails  of  CasC ^  (WT),  heterozygous 
CasC t/flox  (Het),  and  homozygous  CasP°mox  (Horn)  mice  were  performed 
with  specific  primers  (see  Materials  and  Methods)  to  confirm  integration  of 
the  targeting  sequences.  (C)  PCR  analyses  of  genomic  DNAs  from  (B)  after 
incubation  with  (+Cre)  or  without  (-Cre)  bacteriophage  PI  Cre  recombinase 
in  vitro  for  30  min.  The  284-bp  band  represents  the  DNA  fragment  due  to 
excision  of  exon  7  (AExon7). 
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mice,  as  detected  by  qPCR  with  primers  specific  for  the  junction  of 
exons  2  and  3  of  Casr  (Fig.  2E).  Despite  the  increased  abundance  of 
mRNA,  the  abundance  of  AExon7-CaSR  protein  in  PTGs  of  PT-KO 
mice  was  about  10%  of  that  of  full-length  CaSR  protein  in  the  PTGs 
of  control  mice  (Fig.  2D),  which  suggests  that  the  truncated  protein 
has  a  reduced  half-life  compared  with  that  of  the  full-length  protein. 

The  abundance  of  PTH  mRNA  in  PTGs  from  PT-Het  and  PT-KO 
mice  was  significantly  increased  compared  with  that  of  control  mice 
(Fig.  2E),  compatible  with  the  elevated  concentrations  of  serum  PTH 
and  serum  Ca2+  observed  in  vivo  (Table  1).  There  was  a  clear  effect  of 


gene  dosage  as  evidenced  by  the  occurrence  of  mild  HPT  in  PT-Het  mice 
and  severe  HPT  in  the  PT-KO  mice  (Table  1).  In  contrast  to  the  hypocal- 
ciuria  of  Casr~'~  mice  (10),  PT-Het  and  PT-KO  mice  had  urinary  [Ca2+] 
about  25%  and  380%  higher  than  that  of  control  mice,  respectively 
(Table  1).  As  expected,  intact  renal  CaSRs  promoted  Ca2+  excretion  in 
the  normal  physiologic  response  to  hypercalcemia. 

Knockout  of  Casr  in  PTCs  retards  skeletal  development 

Whole-mount  alizarin  red  (AR)  and  Alcian  blue  (AB)  staining  of  2- 
week-old  mice  showed  that  PT-KO  mice  had  multiple  rib  and  tibial 
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Fig.  2.  Heterozygous  and  homozygous  deletion  of  the  Casr  gene  in 
parathyroid  cells  (PTCs)  produces  mild  and  severe  hyperparathyroidism 
(HPT),  respectively.  (A)  Two-week-old  PT-KO  (PTCaSRA,l0X/A,l0X)  mice 
showed  severe  growth  retardation,  with  body  weights  about  45%  of 
that  of  their  control  and  PT-Het  (PTCaSRWT/Aflox)  littermates.  (B)  PCR 
analyses  of  genomic  DNAs  confirmed  the  expression  of  the  Cre  trans¬ 
gene  and  floxed  Casr  alleles  in  PT-Het  and  PT-KO  mice.  The  control 
mice  used  in  this  experiment  were  CaSRflox/flox,  which  do  not  express 
Cre.  (C)  PCR  analyses  of  genomic  DNAs  from  tissues  of  PT-KO  mice 
confirmed  the  deletion  of  exon  7  only  in  PTGs.  (D)  Western  blotting  of 


PTG  lysates  showed  the  decreased  abundance  of  full-length  CaSR 
protein  (WT,  120  to  250  kD)  by  -70%  and  >95%  in  the  PT-Het  and 
PT-KO  mice,  respectively,  compared  with  control  littermates.  PTG  ly¬ 
sates  from  PT-Het  and  PT-KO  mice  contained  the  AExon7-CaSR 
(AExon7)  protein  (about  90  kD),  which  was  encoded  by  exons  1  to  6. 
(E)  qPCR  analyses  with  primers  flanking  the  junctions  of  either  exons 
6  and  7  (E6-7)  or  exons  2  and  3  (E2-3)  of  Casrand  primers  specific  for 
PTH  mRNA  were  presented  as  the  percentage  of  expression  of  the 
gene  encoding  the  mitochondrial  ribosomal  protein  LI 9  (**P<  0.01, 
n  =  4  to  6  mice). 
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Table  1 .  Concentrations  of  serum  PTH,  serum  Ca2+,  and  urinary  Ca2+  and  weights  of  PT-KO  (KO),  PT-Het  (Het),  and  control  (Cont)  littermates. 


Cont  (n  =  19  mice) 

Het  (n  =  13  mice) 

KO  (n  =  1 1  mice) 

Serum  [PTH]  (pg/ml) 

52.7  ±  1.6 

170  ±  27.4* 

959  ±  122* 

Fold  over  control 

+2.3 

+17.2 

Serum  [Ca2+]  (mg/dl) 

11.6  ±  0.1 

13.4  ±  0.2* 

16.4  ±  0.5* 

%  Change  over  control 

+16 

+40 

Urine  [Ca2+]  (mg/dl) 

2.8  ±  0.4 

3.5  ±  0.5  * 

13.4  ±  2.9* 

%  Change  over  control 

+25 

+380 

Body  weight  (g) 

8.7  ±  0.3 

8.4  ±  0.5 

3.8  ±  0.4* 

%  Change  vs.  control 

-56 

*P<  0.01. 


fractures  and  smaller  and  severely  undermineralized  skeletons  compared 
with  those  of  control  and  PT-Het  littermates  (Fig.  3  A).  To  further  confirm 
the  reduced  mineral  content  of  their  skeletons,  we  performed  micro- 
computed  tomography  (pCT)  on  the  femurs  of  PT-KO  mice  to  quantify 
precisely  the  amount  of  mineral  present  by  measuring  the  density  of 
hydroxyapatite,  the  dominant  form  of  bone  mineral.  Three-dimensional 
(3D)  reconstmcted  images  from  the  pCT  scans  revealed  poorly  mineral¬ 
ized  matrix  and  the  lack  of  secondary  ossification  centers  in  the  epiphyses 
(tracing  in  red)  compared  with  the  femurs  of  control  mice  (Fig.  3B).  His¬ 
tological  analyses  of  bone  sections  after  von  Kossa  (VK)  staining  (to  detect 
phosphate-containing  minerals)  and  safranin  O  (SO)  counterstaining  (to 
detect  proteoglycan)  showed  substantially  reduced  mineral  deposition  in 
trabecular  (Tb)  and  cortical  (Ct)  bones  in  PT-KO  mice  compared  with 
those  in  control  mice  (Fig.  3C).  Goldner  trichrome  staining  of  adjacent 
sections  revealed  excessive  undermineralized  osteoid  (pink)  mixed  with 
mineralized  matrix  (green)  in  PT-KO  mice  (Fig.  3C),  which  was  suggestive 
of  defective  bone  formation. 

To  determine  whether  these  defects  were  due  to  delayed  osteoblast 
differentiation,  function,  or  both,  we  examined  the  expression  of  genes 
encoding  osteoblast-specific  markers  and  regulators  of  differentiation. 
The  expression  of  both  early  and  late  osteogenic  genes,  including  osterix 
( OSX ),  type  I  collagen  [Col (I)],  alkaline  phosphatase  (ALP),  dentin 
matrix  protein  1  ( DMP1 ),  osteocalcin  (OCN),  and  sclerostin  ( SOST ), 
was  profoundly  decreased  in  the  bones  of  14-day-old  PT-KO  mice  com¬ 
pared  with  those  of  control  mice  (Fig.  3D),  indicating  a  delay  in  osteo¬ 
blast  differentiation.  We  found  that  the  expression  of  Casr  mRNA  was 
more  than  70%  lower  in  the  bones  of  PT-KO  mice  than  in  those  of  con¬ 
trol  mice  (Fig.  3D),  despite  our  inability  to  document  any  excision  of 
Casr  in  bone  (Fig.  2C).  These  data  suggest  that  the  severe  HPT  and  hy¬ 
percalcemia  that  were  due  to  PTC-specific  knockout  of  Casr  affected 
early  skeletal  development.  This  likely  occurred  because  of  increased 
PTH  receptor  signaling  that  was  accompanied  by  reduced  Casr  expres¬ 
sion  in  the  bones  of  the  PT-KO  mice. 

The  bones  of  PT-Het  mice  were  indistinguishable  from  those  of  con¬ 
trol  mice  at  2  weeks  of  age,  as  assessed  by  whole-mount  staining,  pCT 
scans,  and  qPCR  analyses.  The  abundance  of  Casr  mRNA  in  the  bones 


of  PT-Het  mice  was  equivalent  to  that  of  control  mice.  Mild  osteopenia 
(reduced  bone  mineral  density)  was,  however,  evident  in  PT-Het  mice  by 
6  months  of  age,  as  demonstrated  by  pCT  of  Tb  bone  in  the  distal  femur 
and  of  Ct  bone  at  the  tibia-fibula  junction  (TFJ)  (Fig.  3,  E  and  F).  The 
trabecular  bone  volume  (BV),  an  index  of  the  amount  of  bone  mineral 
present  in  a  given  tissue  volume  (TV),  was  significantly  decreased  when 
expressed  as  the  ratio  of  Tb.BV  to  TV  (Fig.  3F).  Tb  thickness  (Th)  and 
Tb  numbers  (N)  were  also  reduced.  These  findings  could  be  due  to  de¬ 
creased  bone  formation  by  osteoblasts,  increased  bone  resorption  by  os¬ 
teoclasts,  or  a  combination  of  the  two.  Tb  connectivity  density  (CD)  and 
Tb  spacing  (Sp),  which  reflect  the  state  of  the  Tb  microarchitecture,  in 
the  PT-Het  mice  were  not  significantly  different  from  those  of  control 
mice  (Fig.  3F).  In  the  other  bone  compartment,  namely,  Ct  bone,  Ct. 
TY  Ct.BY  and  Ct.Th  were  also  significantly  decreased  in  PT-Het  mice 
compared  with  those  of  control  mice  (Fig.  3F),  indicating  that  the  smaller 
bones  of  the  PT-Het  animals  had  thinner  cortices.  Thus,  long-term  albeit 
mild  HPT  has  cumulative,  age-dependent  effects  on  skeletal  homeostasis. 

Impaired  postnatal  growth  and  skeletal  development  in 
mice  with  osteoblasts  deficient  in  Casr 

To  determine  the  role  of  the  CaSR  in  osteoblasts,  we  generated  osteoblast- 
specific  Casr  KO  mice  by  breeding  floxed  Casr  mice  with  mice  express¬ 
ing  the  Cre  transgene  driven  by  the  2.3 -kb  Col (I)  ay  subunit  promoter 
[2.3Col(I)-Cre],  which  is  expressed  in  the  early-  and  late-stage  cells  of  the 
osteoblast  lineage  (1 7).  Genomic  analyses  by  PCR  confirmed  the  excision 
of  exon  7  of  Casr  in  bones  from  either  heterozygous  (Col"BoncCasTWT/Aflox, 
COL-Het)  or  homozygous  KO  (Co|-Bo"eCasAflox'Atlox,  COL-KO)  mice,  but 
not  from  those  of  control  littermates  (fig.  S2). 

COL-Het  mice  grew  and  developed  similarly  to  their  control  litter- 
mates.  Deletion  of  both  alleles  of  the  Casr  gene  in  osteoblasts,  however, 
profoundly  blocked  postnatal  growth  and  skeletal  development  in  the 
COL-KO  mice.  This  was  evident  by  3  days  of  age,  and  by  day  20,  the  body 
weights  of  COL-KO  mice  were  about  30%  of  those  of  control  and  COL- 
Het  littermates  (Fig.  4 A).  Whole-mount  AR  and  AB  staining  showed  that 
the  COL-KO  mice  had  smaller  and  severely  undermineralized  skeletons 
compared  with  those  of  control  mice,  which  was  visible  by  5  days  (Fig.  4B). 
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The  skeletons  and  body  weights  of  COL-Het  mice  were  comparable  with 
those  of  control  littermates  through  the  first  3  weeks  of  age  (Fig.  4,  A  and 
B).  Most  COL-KO  mice  had  rib  and  long  bone  fractures  and  died  within  3 
weeks  of  birth.  Undermineralization  of  the  skull  (Fig.  4C,  arrowheads), 
vertebrae  (double  arrows),  and  long  bones  (arrows)  of  COL-KO  mice 
was  confirmed  by  jiCT  analyses.  The  latter  studies  showed  markedly  de¬ 
creased  Tb.BY  Tb.BV/TY  Tb.Th,  and  Tb.N  in  the  distal  femurs  of  COL- 
KO  mice  compared  with  those  of  control  mice,  which  suggests  the  impaired 


ability  of  osteoblasts  to  form  bone  in  the  skeletons  of  COL-KO  mice.  This 
was  supported  by  the  finding  of  a  decreased  Tb.CD  and  increased  Tb.Sp, 
hallmarks  of  osteopenia  and  a  weakened  Tb  architecture  or  structure,  in  the 
COL-KO  mice.  In  addition,  the  reduction  in  cortical  parameters  (Ct.TY  Ct. 
BY  and  Ct.Th)  at  the  TFJ  in  COL-KO  mice  compared  with  control  mice 
(Fig.  4D)  indicated  that  the  impact  of  Casr  knockout  was  general  and  ev¬ 
ident  at  different  skeletal  sites  and  different  types  of  bone.  Consistent  with 
the  pCT  data  was  the  histological  staining  for  mineralization,  which 
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Fig.  3.  Knockout  of  Casr  in  PTCs  impedes  skeletal  development.  (A) 
Whole-mount  AR  and  AB  staining  showed  a  smaller  skeleton  with  fractures 
in  the  ribs  and  tibiae  (see  insets)  of  14-day-old  PT-KO  (PTcas^flox/Aflox) 
mice,  but  not  in  PT-Het  (PTCaSRwr/Aflox)  or  control  mice.  (B)  Reconstructed 
3D  pCT  images  of  femurs  from  14-day-old  PT-KO  mice  showed  severely 
undermineralized  matrix  compared  with  those  of  control  mice.  (C)  Histo¬ 
logical  analyses  of  femurs  from  PT-KO  mice  showed  reduced  mineraliza¬ 
tion  and  osteoid  accumulation.  Consecutive  plastic-embedded  femur 
sections  from  14-day-old  control  and  PT-KO  mice  stained  with  VK  re¬ 
agents  and  counterstained  with  SO  or  Goldner  reagents  were  visualized 
at  5x  magnification.  Boxes  in  the  right  panels  are  enlarged  regions  of 
interest  (reproduced  at  20x).  Scale  bars:  800  pm  at  5x;  200  pm  at  20x. 
(D)  Gene  expression  studies  indicated  the  delayed  differentiation  of  os¬ 
teoblasts  in  bones  from  PT-KO  mice  compared  with  that  of  control  mice. 


qPCR  analyses  of  genes  encoding  osteoblast  markers  were  performed 
on  RNA  isolated  from  humeral  cortices  (no  marrow)  of  14-day-old  mice. 
All  measurements  of  gene  expression  are  presented  as  the  percentage 
of  /UP  expression  (*P<  0.05,  **p<  0.01;  n  =  6  to  8  mice).  Expression  of 
OSX,  Col(l),  ALP,  DMP1,  OCN,  and  SOST  in  PT-KO  mice  was  reduced 
by  36%,  48%,  48%,  43%,  91%,  and  74%,  respectively,  compared  with 
that  in  control  mice.  PCR  analyses  with  primers  flanking  the  junctions  of 
exons  6  and  7  (E6-7)  or  exons  2  and  3  (E2-3)  of  Casr  showed  reductions 
in  both  transcripts  in  bone  in  which  the  PTH-Cre  transgene  was  not 
expressed.  (E)  Reconstructed  3D  pCT  images  of  Tb  bone  in  distal 
femurs  and  Ct  bone  at  the  TFJ  of  6-month-old  control  and  PT-Het  mice. 
Scale  bars:  1  mm  for  all  panels.  (F)  pCT  parameters  assessed  were  BV, 
BV/TV,  Th,  N,  CD,  and  Sp  for  Tb  bone  and  TV,  BV,  and  Th  for  Ct  bone 
(defined  in  Results;  *P  <  0.05,  **P  <  0.01;  n  =  6  to  8  mice). 
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Fig.  4.  Knockout  of  Casr  in  osteoblasts,  driven  by  2.3 Col(l)-Cre,  blocked 
growth  and  skeletal  development.  (A)  Body  weights  of  control  (n  =  8), 
heterozygous  (Co|-BoneCasrWT/Aflox,  COL-Het,  n  =  12),  and  homozygous 
KO  (Coi-BoneCas/Afiox/AfioXi  qql-KO,  n  =  9)  mice  from  birth  until  postnatal 
day  20.  Because  the  weights  of  control  and  Het  mice  were  indistin¬ 
guishable,  they  were  combined  and  are  presented  as  Cont+Het.  COL- 
KO  mice  exhibited  growth  retardation,  which  was  evident  by  postnatal 
day  3.  (B)  Whole-mount  AR  and  AB  staining  showed  that  the  skeletons 
of  COL-KO  mice  were  smaller  than  those  of  control  and  heterozygous 
mice  at  postnatal  day  5.  (C)  Reconstructed  3D  pCT  images  of  skeletons 
from  20-day-old  mice  showed  severe  undermineralization  in  COL-KO 
mice,  evident  in  the  skull  (arrowheads),  vertebrae  (double  arrows),  and 
long  bones  (arrows).  (D)  pCT  parameters  of  Tb  bone  in  the  distal  femur 
(Tb.BV,  Tb.BV/TV,  Tb.Th,  Tb.N,  Tb.CD,  and  Tb.Sp)  and  Ct  bone  at  the 
TFJ  (Ct.TV,  Ct.BV,  and  Ct.Th)  of  20-day-old  control  and  COL-KO  mice 
showed  statistically  significant  reductions  in  all  parameters  except  Tb. 
Sp,  which  was  markedly  increased — all  of  which  were  confirmatory  of 
reduced  bone  mass  and  microarchitecture  (**P  <  0.01;  n  =  6  mice). 
(E)  Histological  analyses  of  femurs  from  COL-KO  mice  showed  poor 


mineralization  and  osteoid  accumulation  compared  with  those  of  control 
mice.  VK+SO  and  Goldner  staining  were  performed  on  consecutive 
plastic-embedded  sections  from  7-day-old  control  and  COL-KO  femurs 
and  visualized  at  5x  magnification.  Boxes  in  the  right  panels  are  en¬ 
larged  regions  of  interest  (reproduced  at  20x).  Scale  bars:  500  pm 
(5x);  125  pm  (20x).  (F)  The  expression  of  genes  encoding  osteoblast 
markers  indicated  delayed  differentiation  in  COL-KO  mice  compared 
with  that  in  control  mice.  qPCR  analyses  of  samples  isolated  from  humer¬ 
al  cortices  (no  marrow)  from  14-day-old  mice  with  primers  specific  for 
OSX,  Col(l),  ALP ,  DM  PI,  OCN,  SOST,  IGF-1,  CCND1,  Bcl-2,  Bcl-2L1, 
and  //_-70were  performed.  Results  are  presented  as  the  percentage  of 
expression  of  LI 9  or  glyceraldehyde  3-phosphate  dehydrogenase 
( GAPDhi)  (**P  <  0.01;  n  =  6  to  9  mice).  Reductions  (percent  decrease 
in  COL-KO  mice  compared  with  control  mice)  of  54%,  35%,  47%,  77%, 
79%,  and  22%  were  seen  in  the  expression  of  Col(l),  ALP,  DMP1, 
OCN,  SOST,  and  IGF-1,  respectively.  (G)  TUNEL  staining  of  femoral 
cortex  from  7-day-old  control  and  KO  mice  with  hematoxylin  counter- 
staining.  TUNEL-positive  cells  are  indicated  by  brown  DAB  stain  (ar¬ 
rowheads)  {n  =  8  sections  from  four  mice). 
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showed  that  bones  from  COL-KO  mice  contained  large  quantities  of  un¬ 
dermineralized  osteoid  (pink  by  Goldner  staining),  which  was  mixed  with 


s/V  /  //  /  f  f\/ 

V  V  «  ^  <3^  N?  ^  £ 


HAExon7 


Primers:  P4/P3L 


E  ■  Cont  □  KO 


normally  mineralized  matrix  (green  by  Goldner,  black  by  VK  staining) 
(Fig.  4E). 

Consistent  with  poor  mineralization,  as  assessed  by  histological 
analyses,  qPCR  showed  the  markedly  decreased  expression  of  genes  en¬ 
coding  both  early  and  late  markers  of  osteoblast  differentiation,  such  as 
Col(I),  ALP,  DMP1 ,  OCN,  and  SOST,  in  bones  from  7-day-old  COL-KO 
mice  compared  with  those  of  control  mice  (Fig.  4F).  However,  OSX  ex¬ 
pression  in  the  COL-KO  mice  was  comparable  with  that  of  control  mice, 
indicating  that  the  changes  due  to  deletion  of  Casr  occurred  after  the  ex¬ 
pression  of  OSX.  Similar  changes  in  gene  expression  as  well  as  bone  his¬ 
tology  were  also  evident  in  newborn  mice  (<1  day  old)  (fig.  S3),  which 
suggests  that  skeletal  defects  developed  prenatally.  In  addition  to  changes 
in  the  abundance  of  markers  of  differentiation,  Casr  knockout  in  osteoblasts 
significantly  suppressed  the  expression  of  the  gene  encoding  insulin-like 
growth  factor  1  (IGF-1)  (Fig.  4F),  a  growth  factor  critical  for  osteoblast  sur¬ 
vival  and  differentiation,  suggesting  that  the  CaSR  may  modulate  osteoblast 
differentiation  by  altering  the  local  abundance  of  IGF-1 .  Although  cyclin  D1 
(CCND1)  expression  was  significantly  increased  in  COL-KO  mice  com¬ 
pared  with  that  in  control  mice,  the  expression  of  the  genes  encoding 
the  prosurvival  factors  B  cell  lymphoma/leukemia  2  (Bcl-2)  and  Bcl-2- 
like  1  (Bcl-2L1)  (18,  19)  was  profoundly  suppressed.  We  also  found 
increased  expression  of  interleukin- 10  ( IL-10 ),  an  inducer  of  apoptosis 
in  other  cells  (20),  in  COL-KO  compared  with  that  in  control  mice  (Fig. 
4F).  These  observations  suggested  the  increased  occurrence  of  apoptosis, 
which  was  confirmed  by  the  detection  of  enhanced  terminal  deoxynucleo- 
tidyl  transferase-mediated  deoxyuridine  triphosphate  nick  end  labeling 
(TUNEL)  staining  in  apoptotic  osteoblasts  and  osteocytes  in  sections  from 
COL-KO  mice  compared  with  those  from  control  mice  (Fig.  4G). 

Because  the  expression  of  Col(I)  is  low  in  tissues  such  as  liver,  skin,  testis, 
ovary,  and  kidney  (1 7),  we  considered  the  possibility  that  the  early  death  of 
the  COL-KO  mice  might  be  due  to  reduced  Casr  expression  in  other  tissues. 
To  address  this,  we  used  a  different  targeting  strategy  to  generate  osteoblast- 
specific  Casr  KO  mice.  We  bred  floxed  Casr  mice  with  mice  expressing  the 
Cre  transgene  controlled  by  an  OSXpromoter  \OSX-Cre\  (21).  OSX  expres¬ 
sion  is  restricted  to  osteoblasts  and  their  precursors  and  occurs  before  the 
expression  of  Col(I)  but  after  that  of  Runx2  (21).  The  OSX-Cre  construct 
induces  Cre-lox  recombination  in  osteoblasts  during  embryonic  develop¬ 
ment  and  early  postnatal  life  (21). 

Genomic  DNA  analyses  showed  that  excision  of  exon  7  of  Casr  in 
heterozygous  (°sx-BoneCasrWT/Aflox,  OSX-Het)  and  homozygous  KO 
(Osx"B°neCasrAfiox/Afi°X)  OSX-KO)  mice  occurred  only  in  bone  and  not 


Fig.  5.  Knockout  of  floxed  Casr  in  osteoblasts  by  OSX-Cre  results  in 
retarded  growth  and  altered  gene  expression.  (A)  PCR  analyses  of  ge¬ 
nomic  DNAs  confirmed  that  deletion  of  exon  7  occurred  only  in  bone  from 
homozygous  osx-BoneCas/Afiox/Afiox  (OSX-KO)  mice  and  not  in  other  tis- 
sues.  (B)  One-month-old  OSX-KO  mice  were  growth-retarded  compared 
with  control  mice.  (C)  pCT  images  of  trabecular  (Tb)  and  cortical  (Ct) 
bones  in  the  distal  femur  and  TFJ,  respectively,  showed  severely  under¬ 
mineralized  matrix  in  4-week-old  KO  mice  compared  with  that  in  control 
mice.  Scale  bars:  1  mm  for  all  panels.  (D)  pCT  parameters  assessed  in¬ 
cluded  BV,  BV/TV,  Th,  N,  CD,  and  Sp  for  Tb  bone  and  TV,  BV,  and  Th  for  Ct 
bone  in  4-week-old  control  and  OSX-KO  mice.  (*P<  0.01 ;  n  =  6  for  KO  and 
n  =  12  for  control  mice).  (E)  Analysis  of  gene  expression  by  qPCR  in 
samples  isolated  from  humeral  cortices  (no  marrow)  of  newborn  mice  in¬ 
dicated  delayed  differentiation  of  osteoblasts  in  OSX-KO  mice  compared 
with  that  of  control  mice,  with  55%  reduced  expression  of  Col(l)  and  35% 
reduced  expression  of  OCN.  Results  are  presented  as  the  percentage  of 
L 19  expression  (*P  <  0.05,  n  =  4  to  6  mice). 
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in  other  tissues  (Fig.  5A)  and  did  not  occur  in  bone  from  control  mice.  As 
was  seen  in  COL-KO  mice,  knockout  of  both  Casr  alleles  in  OSX-KO 
osteoblasts  profoundly  blocked  postnatal  growth  and  skeletal  development 
(Fig.  5,  B  to  D).  Reduced  bone  formation  and  mineralization,  confirmed 
by  the  alterations  in  pCT  parameters,  were  evident  in  both  Tb  and  Ct 
bones  in  4-week-old  OSX-KO  mice.  They  showed  decreased  Tb.BV, 
Tb.BV/TY  Tb.Th,  Tb.N,  and  Tb.CD  and  increased  Tb.Sp  in  the  distal 
femur  and  decreases  in  Ct.TV  and  Ct.BV  at  the  TFJ  (Fig.  5,  C  and  D). 
Phenotypic  abnormalities  were  also  evident  in  newborn  mice  (<1  day 
old)  with  decreased  expression  of  the  genes  encoding  the  osteoblast  mar¬ 
kers  Col (I)  and  OCN  in  bones  from  newborn  OSX-KO  mice  by  qPCR 
(Fig.  5E).  Taken  together,  these  data  support  a  role  for  the  CaSR  in  mod¬ 
ulating  the  growth  and  differentiation  of  osteoblasts,  a  paradigm  essential 
for  orderly  postnatal  skeletal  development. 

Delayed  growth  plate  development  and  embryonic  death 
following  GPC-specific  deletion  of  Casr 

Studies  with  mouse  GPCs  support  roles  for  high  [Ca2+]e  and  the  CaSR  in 
promoting  differentiation  ( 8 ,  14).  To  determine  the  role  of  CaSR  in  the 
growth  plate  in  vivo,  we  targeted  chondrocytes  by  breeding  floxed  Casr 
mice  with  mice  expressing  the  Cre  transgene  under  the  control  of  the  type 
II  collagen  a1  subunit  [Col(II)]  (Cart)  promoter  [Col(II)-Cre\  (22).  No 
homozygous  knockout  (CartCasrAflox/Aflox,  Cart-KO)  mice  were  bom  alive 
from  35  litters  (-350  pups).  In  addition,  no  Cart-KO  mouse  embryos  were 
detectable  at  E14  to  El 6  from  8  litters  or  at  later  time  points.  In  56  embryos 
from  6  litters  at  the  El 2  to  El 3  stage,  only  two  Cart-KO  embryos  of  con¬ 
firmed  genotype  were  found,  indicating  that  most  of  these  embryos  died 
earlier  (fig.  S4).  Skeletons  from  the  two  surviving  El 2. 5  Cart-KO  embryos 
were  shorter  than  those  of  control  and  heterozygous  (CartCaSRWT/Aflox,  Cart- 
Het)  littermates  and  had  poorly  mineralized  rib  cages,  calvariae,  and  long 
bones  (as  demonstrated  by  lack  of  AR  staining)  (Fig.  6A).  These  data  sug¬ 
gest  that  blocking  Casr  expression  in  Co/(7/)-expressing  cells  severely  im¬ 
pedes  viability  beyond  El 2  to  El 3  and  inhibits  early  steps  in  cartilage  and 
bone  mineralization. 

Because  knockout  of  Casr  in  Co/(77)-expressing  cells  is  lethal,  we  devel¬ 
oped  a  tamoxifen  (Tam)-inducible  knockout  model  [Tam"CartC^TAflox/Aflox, 
Tam-Cart-KO]  to  examine  the  role  of  CaSR  at  later  stages  of  embryonic 
and  postnatal  development  of  GPCs.  We  used  transgenic  (CartCre-ERTam) 
mice  that  express  a  fusion  protein  (Cre-ERTam)  of  the  Cre  recombinase 
fused  to  a  mutated  ligand-binding  domain  of  the  estrogen  receptor  (ERTam) 
under  the  control  of  a  mouse  Col(II)  promoter  (23).  In  this  model,  trans¬ 
location  of  the  Cre-ERTam  protein  to  the  nucleus,  an  essential  step  for  Cre-lox 
recombination,  only  occurs  when  Tam,  or  its  derivative  40H-Tam,  is  admin¬ 
istered  to  the  mice  (23).  The  ability  of  Tam  to  specifically  induce  Cre  activity 
in  cartilage  has  been  confirmed  previously  (23,  24).  We  bred  the  C/dVtCre- 
ERTam  mice  with  Casrflox/flox  mice  to  obtain  CartC^-ERTarn(+/")C^rflox/flox 
mice,  which  were  viable  and  fertile  in  the  absence  of  Tam.  We  next  crossed 
the  CartCre-ERTam(+/_)C^rflox/flox  mice  with  Casrnox/i]ox  mice  to  obtain  ex¬ 
perimental  animals:  CartCre-ERTam(+/-)C^rflox/flox  (-50%)  and  C^rflox/flox 
(-50%)  mice.  Both  sets  of  mice  were  treated  with  either  40H-Tam  or  vehi¬ 
cle,  which  resulted  in  the  generation  of  three  strains  of  mice:  induced  homo¬ 
zygous  Casr  KO  mice  (Tam-Cart(ya5rAflox/Aflox?  Tam-Cart-KO)  and  the 
controls,  Casrflox/flox  mice  exposed  to  40H-Tam  and  CartCre-ERTam(+/_) 
Casr^ox/fl°*  mice  exposed  to  vehicle  (Fig.  6B). 

To  delete  Casr  before  birth,  pregnant  mice  were  injected  with  a  single 
dose  of  40H-Tam  (1.5  mg)  or  vehicle  at  El 6  to  El 7,  and  the  embryos  were 
analyzed  48  to  72  hours  after  injection.  The  genotypes  of  CartCre-ERTam(+/_) 
Casri}oxm°x  and  Casrflox/flox  mice  and  the  ability  of  40H-Tam  to  induce  ex¬ 
cision  of  exon  7  in  the  former  mice  were  confirmed  by  genomic  DNA  analy¬ 
ses  (Fig.  6B).  Whole-mount  AR  and  AB  staining  showed  a  -10%  reduction 


in  the  overall  length  of  the  skeletons  of  40H-Tam-treated  Tam-Cart  KO 
mice  compared  with  those  of  treated  Casrnoxm°x  control  mice,  which  in¬ 
cluded  shorter  humeri,  femurs,  and  tibiae  (Fig.  6C).  Immunohistochemical 
analyses  confirmed  a  marked  reduction  in  the  abundance  of  the  CaSR  in  the 
hypertrophic  zones  of  tibial  growth  plates  of  40H-Tam-treated  Tam-Cart- 
KO  mice  compared  with  that  of  treated  control  mice  (Fig.  6D),  which  was 
indicative  of  prompt  (within  48-72  hours)  knockdown  of  Casr  expression. 

Further  evidence  of  Casr  knockdown  was  provided  by  qPCR  analysis, 
which  showed  the  decreased  expression  of  full-length  Casr  mRNA  in 
growth  plates  from  40H-Tam-treated  Tam-Cart-KO  growth  plates  (Fig. 
6F).  In  cartilage  sections  stained  by  VK  and  SO  reagents,  there  was 
-20%  expansion  of  the  hypertrophic  zone  and  decreased  mineral  deposi¬ 
tion  in  that  zone  in  40H-Tam-treated  Tam-Cart-KO  mice  compared  with 
that  in  treated  control  mice  (Fig.  6E).  qPCR  analyses  of  epiphyseal  growth 
plates  showed  decreased  expression  of  type  X  collagen  [Col(XJ],  RUNX2, 
and  osteopontin  (OPN),  which  are  markers  of  mature  and  terminally  dif¬ 
ferentiated  chondrocytes,  in  Tam-Cart-KO  compared  with  control  mice 
(Fig.  6F).  The  expression  of  genes  encoding  early  differentiation  markers, 
such  as  aggrecan  (AGG)  and  Col (II),  was  unchanged  (Fig.  6F),  supporting 
a  selective  delay  in  chondrocyte  maturation  and  terminal  differentiation  in 
Tam-Cart-KO  mice. 

Insulin-like  growth  factor  1  signaling  is  a  critical  pathway  that  promotes 
chondrocyte  differentiation  (25).  We  examined  whether  this  pathway  was 
affected  by  the  knockout  of  Casr  in  the  GPCs  of  Tam-Cart-KO  mice.  Im¬ 
munohistochemical  and  qPCR  analyses  showed  significant  reductions  in 
the  expression  of  IGF-1  and  IGF-1  receptor  (IGF-1R)  mRNAs  (Fig.  6F) 
and  in  the  abundance  of  their  protein  products  (Fig.  7  A)  in  the  growth  plate 
of  Tam-Cart-KO  mice  compared  with  those  of  control  mice.  To  test  whether 
reduced  IGF-1R  signaling  affected  the  differentiation  of  GPCs,  we  per¬ 
formed  in  vitro  knockout  of  IGF-1R  by  infecting  GPCs  from  floxed  IGF- 
1R  mice  with  adenoviruses  expressing  Cre  recombinase  (Ad-Cre)  or  empty 
vector  (Ad-Cont).  Knockdown  of  IGF-1  R  mRNA  and  loss  of  IGF-1  R  pro¬ 
tein  in  the  Ad-Cre-infected  GPCs  were  confirmed  by  qPCR  (Fig.  7B)  and 
Western  blotting  (Fig.  1C),  respectively.  These  changes  were  accompanied 
by  a  significant  reduction  in  the  expression  of  Col(X)  mRNA  (Fig.  7B)  and 
in  mineral  deposition  (Fig.  7D)  in  the  Ad-Cre-infected  cells  compared  with 
that  in  Ad-Cont-infected  cells.  These  data  support  the  concept  that 
knockdown  of  Casr  delays  GPC  differentiation  in  Tam-Cart-KO  mice,  at 
least  in  part  by  the  reduction  of  IGF-1  R  signaling  in  these  cells. 

DISCUSSION 

CaSRs  are  broadly  present  in  bone,  brain,  gut,  skin,  and  endocrine  glands, 
and  changes  in  [Ca2+]e  alter  cell  function  in  these  tissues.  Whether  the 
CaSR  is  the  mediator  of  all  aspects  of  Ca2+-sensing  in  these  tissues  in  vivo 
has  not  been  easy  to  address  because  of  the  lack  of  suitable  animal  models. 
The  floxed  Casr  mouse  strain  that  we  have  developed  is  the  first  model  that 
permits  tissue-specific  deletion  of  Casr. 

We  showed  that  Cre  recombinase  excised  floxed  Casr  alleles  in  three 
tissues  critical  to  Ca2+  homeostasis  and  skeletal  development.  The  PTC- 
specific  Casr  KO  mouse  provided  proof  of  concept  for  the  gene-targeting 
strategy  we  used,  because  these  mice  showed  severe  HPT  and  hypercalcemia, 
despite  having  normal  renal  responsiveness  to  Ca2+.  Heterozygous  and  homozy¬ 
gous  PTC-specific  Casr  KO  mice  showed  the  expected  mild  and  severe  HPT, 
respectively,  with  a  clear  gene  dosage  effect,  similar  to  the  phenotype  of 
generalized  Casr~h  mice  (10).  We  noted  that  the  degree  of  HPT  in  PTC-specific 
Casr  KO  mice  appeared  to  be  more  severe  than  that  of  the  generalized  KO  model 
(10),  with  semm  PTH  concentrations  in  PT-Het  and  PT-KO  mice  that  were 
~2-  to  3-  and  17-fold  higher,  respectively,  than  those  of  control  littermates 
(Table  1).  In  contrast,  the  abundance  of  semm  PTH  in  generalized  Casr+/~ 
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Fig.  6.  Knockout  of  Casr  in  chondrocytes  blocks  embryonic  development 
and  cartilage  maturation.  (A)  Whole-mount  AR  and  AB  staining  shows  that 
the  skeletons  of  Cart-KO  (CartCasrAflox/Aflox)  mice  are  smaller  and  undermi¬ 
neralized  compared  with  those  of  their  heterozygous  ( CanCasr ^/Aflox)  and 
control  littermates  at  El  2.5.  (B  to  F)  Tamoxifen  (Tam)-induced  knockdown 
of  the  Casr  in  cartilage  produces  small,  undermineralized  skeletons  in 
El  8-1 9  Tam'CartCas/Aflox/Aflox  (Tam-Cart-KO)  embryos.  (B)  PCR  analysis 
of  genomic  DNAs  from  embryos  with  (+)  or  without  (-)  exposure  to 
40H-Tam  for  the  expression  of  the  TamCre  transgene,  homozygous  floxed 
Casr  (f I- Casr)  alleles,  and  sequences  lacking  exon  7  (AExon7).  (C) 
Whole-mount  AR  and  AB  staining  of  E19  embryos  showed  smaller 
skeletons,  including  humeri,  femurs,  and  tibiae  in  Tam-Cart-KO  compared 
with  those  of  control  mice.  (D)  Immunohistochemical  staining  of  CaSR,  de¬ 


picted  by  brown  DAB  staining,  in  the  proximal  tibial  growth  plates  from  El  8 
to  El  9  Tam-Cart-KO  and  control  mice.  PZ,  proliferation  zone;  MZ,  matura¬ 
tion  zone;  HZ,  hypertrophic  zone.  (E)  VK  and  SO  staining  of  plastic 
sections  of  proximal  tibial  growth  plates  from  El 8  to  El  9  Tam-Cart-KO 
and  control  mice.  The  histogram  presents  HZ  widths  in  proximal  tibial 
growth  plates  from  control  and  Tam-Cart-KO  mice  (*P<  0.01 ;  n  =  4  mice). 
(F)  Gene  profiling  in  the  epiphyseal  growth  plates  indicates  a  delay  in  cell 
maturation  and  differentiation  in  Tam-Cart-KO  mice  compared  with  that  in 
control  mice.  qPCR  was  performed  on  epiphyseal  growth  plate  samples 
from  El  8  to  El  9  Tam-Cart-KO  and  control  mice  with  primers  specific  for 
early  [AGG  and  Col(ll)]  and  late  [Col(X),  OPN,  and  RUNX2]  chondrocyte 
markers  and  for  IGF-1,  IGF-1R,  and  Casr.  Results  are  presented  as  the 
percentage  of  L 19  expression  (*P  <  0.05,  **P  <  0.01 ;  n  =  6  mice). 


www.SCIENCESIGNALING.org  2  September  2008  Vol  1  Issue  35  ral 


9 


Downloaded  from  stke.sciencemag.org  on  September  2,  2008 


RESEARCH  ARTICLE 


and  Casr~'~  mice  was  only  ~0.5-  and  9.5-fold  higher,  respectively,  than  that 
of  control  mice  (10).  This  raises  the  possibility  that  the  alternatively  spliced 
Casr  mRNA,  which  lacks  exon  5,  might  also  be  expressed  in  PTCs  in  the 
generalized  Casr~h  mouse  (10)  and  so  mediate  some  degree  of  Ca2+-sensing 
(10).  To  confirm  this  will  require  direct  comparison  of  the  responsiveness  of 
PTCs  to  Ca2+  in  these  two  mouse  models,  which  will  be  challenging.  Alter¬ 
natively,  different  breeding  conditions,  diets,  mouse  strains,  and  PTH  assays 
may  explain  the  differences  in  the  biochemical  phenotypes. 

Data  from  experiments  performed  in  PT-KO  mice  confirmed  that  se¬ 
vere  HPT  impeded  bone  growth  and  mineralization,  as  was  seen  in 
generalized  Casr1  mice  (10).  We  further  show  that  this  is  accompanied 
by  the  reduced  expression  of  genes  encoding  markers  of  osteoblast  differ¬ 
entiation.  This  recapitulates  the  effects  of  continuous  PTH  treatment  on 
both  the  differentiation  of  osteoblasts  and  the  formation  of  mineralized 
nodules  in  culture  (26,  27).  In  contrast,  the  milder  HPT  observed  in  PT- 
Het  mice  produced  osteopenia  later  in  life,  which  is  similar  to  the  classic 
presentation  of  primary  HPT  in  humans.  The  molecular  basis  for  the 
effects  of  HPT  on  skeletal  development  remains  to  be  elucidated.  PTH 
mediates  signaling  through  the  receptor  activator  of  nuclear  factor  kB  lig¬ 
and  (RANK-L)/RANK/osteoprotegerin  (28,  29)  and  Wnt  (30)  pathways, 
obvious  candidate  pathways  to  interrogate  in  the  future. 


We  unexpectedly  observed  a  marked  reduction  in  the  abundance  of  the 
CaSR  in  the  bones  of  PT-KO  mice,  which  suggests  that  loss  of  CaSR 
signaling  in  that  tissue  may  also  contribute  to  skeletal  pathology.  This  idea 
is  supported  by  the  presence  of  skeletal  defects  in  both  models  of  Casr  KO  in 
osteoblasts  (COL-KO  and  OSX-KO).  As  well  as  blocking  differentiation, 
deletion  of  Casr  in  the  bones  of  COL-KO  mice  reduced  the  expression  of 
IGF-1  and  increased  the  expression  of  IL-10  compared  with  that  in  control 
mice.  Because  IGF-1  signaling  in  osteoblasts  is  critical  for  cell  survival  and 
because  IL-10  is  proapoptotic,  changes  in  the  abundance  of  these  factors  in 
bone  would  be  expected  to  promote  cell  death,  particularly  in  cells  of  the 
osteoblast  lineage.  This  was  confirmed  by  the  presence  of  increased  TUNEL 
staining  in  osteoblasts  and  osteocytes  from  COL-KO  mice  compared  with 
that  in  control  mice.  Taken  together,  these  data  suggest  that  CaSR  signaling 
modulates  the  proliferation,  survival,  and  differentiation  of  osteoblasts,  po¬ 
tentially  by  altering  growth  and  survival  factors  elaborated  by  bone. 

The  embryonic  lethality  of  the  chondrocyte-specific  Casr  KO  mouse  was 
unexpected.  Generalized  Casr~h  mice  (10),  which  were  developed  by  a  dif¬ 
ferent  targeting  strategy,  live  for  several  days  postnatally  and  survive  for  a 
longer  period  if  HPT  is  prevented  (12, 13).  This  has  been  interpreted  as  ev¬ 
idence  that  the  CaSR  is  not  critical  for  embryonic  development.  In  light  of 
data  from  the  Cart-KO  mouse,  we  suspect  that  alternatively  spliced  Casr 
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Fig.  7.  Knockout  of  Casr  in  chondrocytes  blocks  the  expression  of  IGF-1 
and  IGF-1R  and  delays  cell  differentiation.  (A)  Immunohistochemical 
staining  of  IGF-1  and  IGF-1  R,  depicted  by  brown  DAB  staining,  in  the 
proximal  tibial  growth  plates  from  El 8  to  El 9  Tam-Cart-KO  and  control 
mice.  (B)  In  vitro  knockout  of  IGF-1  R  was  performed  by  infecting  floxed 
IGF- 7F?-containing  GPCs  with  Ad-Cre  (Cre)  or,  as  a  control,  Ad-Cont  (Cont) 
viruses  (16  PFU/cell).  Expression  of  IGF-1  R  and  Col(X)  mRNAs  was  as¬ 


sessed  by  qPCR  72  hours  postinfection.  (C)  Western  blots  were  incubated 
with  antisera  against  the  (3  subunit  of  IGF-1  R  to  confirm  the  knockdown  of 
IGF-1  R  in  GPCs  infected  with  Ad-Cre  (Cre)  compared  with  that  in  Ad-Cont 
(Cont)  viruses.  (D)  AR  staining  was  performed  and  quantified  by  absorbance 
to  assess  mineralization  in  cultures  infected  with  Ad-Cre  (Cre)  or  Ad-Cont 
(Cont)  viruses  and  grown  in  media  containing  2.0  mM  Ca2+  for  14  days 
(**P<  0.001;  n  =  3). 
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mRNAs,  which  lack  exon  5,  are  present  in  the  generalized  Casr~h  mice  and 
can  compensate  for  as  yet  undefined  functions  of  CaSRs  in  the  embryo.  The 
delayed  cartilage  maturation  and  mineralization  observed  in  the  two  El 2. 5 
Cart-KO  embryos  we  studied  support  a  role  for  the  CaSR  in  the  early 
stages  of  growth  plate  formation.  It  has  been  reported  that  Col(II)  is  tran¬ 
siently  expressed  in  heart  valves  in  mice  between  El 0.5  and  E14.5  (31). 
Thus,  knockdown  of  Casr  at  that  site  might  affect  cardiac  development 
and  function  and  lead  to  embryonic  death,  but  this  remains  to  be 
determined. 

Because  Cart-KO  embryos  were  nonviable,  we  turned  to  an  inducible 
KO  model.  Tam-induced  KO  of  the  expression  of  Casr  in  GPCs  produced 
a  rickets-like  phenotype  with  expansion  and  reduced  mineralization  of  the 
hypertrophic  zone  and  the  decreased  abundance  of  markers  of  mature,  term¬ 
inally  differentiated  chondrocytes  within  2  to  3  days  of  exposure  to  Tam. 
These  observations  are  consistent  with  work  by  us  and  others  that  show  that 
high  [Ca2+]e  promotes  chondrocyte  differentiation  and  that  suppressing 
Casr  expression  with  antisense  or  dominant-negative  cDNA  constructs 
blocks  this  effect  (9,  32,  33).  Furthermore,  our  data  indicate  that  reduced 
local  IGF-1R  signaling  plays  at  least  some  part  in  delaying  GPC  differenti¬ 
ation  in  the  KO  mice.  Taken  together,  these  data  are  the  first  to  definitively 
establish  a  role  for  the  CaSR  in  Ca2+  sensing  in  GPCs. 

In  summary,  this  study  provides  the  first  evidence  supporting  the  di¬ 
rect  involvement  of  CaSR  signaling  in  the  differentiation  of  osteoblasts 
and  GPCs  and  skeletal  development  in  vivo  and  suggests  that  inhibition 
of  Casr  expression  in  bone  in  states  of  HPT  may  be  part  of  the  mechanism 
underlying  the  skeletal  defects  in  this  disorder.  These  floxed  Casr  mice 
will  enable  future  definitive  assessment  of  CaSR  function  in  other  tissues. 

MATERIALS  AND  METHODS 

Construction  of  the  gene-targeting  vector  and  production 
of  floxed  Casr  mice 

The  targeting  construct  contained  three  loxP  sites  flanking  exon  7  of 
Casr  and  the  cytidine  deaminase  (CD)-neomycin  (NEO)  gene  cassette 
(Fig.  1A).  The  targeting  construct  was  transfected  into  129/SvJae  ES 
cells  to  allow  homologous  recombination  with  endogenous  Casr  alleles, 
and  cells  were  selected  with  G418  and  fialuridine.  The  resulting  floxed 
Casr  ES  cells  were  injected  into  C57/BL6  blastocysts  and  implanted  into 
pseudo-pregnant  CD1  mice  to  produce  chimeric  mice  (University  of 
California  San  Francisco  Transgenic  Core  Facility).  Chimeras  were  bred 
with  C57/BL6  mice  to  produce  heterozygous  floxed  Casr  (Casrwt/f[ox) 
mice  through  germline  transmission.  Casrwtm° x  mice  were  interbred  to 
produce  homozygous  floxed  Casr  (Ca5,rflox/flox)  mice.  Integration  of  the 
targeting  construct  into  the  genome  of  floxed  Casr  ES  cells  before  blasto¬ 
cyst  injections  and  the  genotypes  of  the  resulting  Casr and  Casrflox/flox 
mice  were  confirmed  by  PCR  with  three  sets  of  primers  targeting  differ¬ 
ent  regions  of  the  construct  (Fig.  1  A;  see  table  SI  for  primer  sequences), 
P1U/P1L,  P2U/P2L,  and  P3U/P3L,  which  amplified  cDNAs  with  sizes 
of  ~1 800, 1050,  and  167  bp,  respectively,  from  the  floxed  Casr  allele.  All 
mice  were  maintained  under  standard  conditions  with  free  access  to  food 
and  water  under  protocols  approved  by  the  Animal  Care  Subcommittee, 
San  Francisco  Department  of  Veterans  Affairs  Medical  Center. 

Generation  and  genotyping  of  conditional  Casr 
knockout  mice 

Mice  with  KO  of  Casr  specifically  in  PTCs,  osteoblasts,  or  chondrocytes 
were  generated  by  breeding  Casrn°x/flox  mice  with  transgenic  mice 
expressing  Cre-recombinase  under  the  control  of  the  appropriate 
promoter:  the  PTH  promoter  (PTH-Cre,  The  Jackson  Laboratory)  for 
PTCs,  the  2.3-kb  fragment  of  the  rat  Col (I)  promoter  [2.3 Col(I)-Cre;  gift 


of  Dr.  Barbara  Kream,  University  of  Connecticut,  Farmington]  or  the 
OSX  promoter  [OSX-Cre,  gift  of  Dr.  Andrew  McMahon,  Harvard  Uni¬ 
versity  (21)]  for  osteoblasts,  and  the  mouse  Col(II)  promoter  [ Col(II)-Cre , 
The  Jackson  Laboratory]  for  chondrocytes.  To  generate  Tam-inducible 
Casr  knockout  in  cartilage,  we  bred  the  floxed  Casr  mice  with  transgenic 
mice  [CartCre-ERTam;  a  gift  of  Dr.  Susan  Mackem,  National  Institutes  of 
Health  (NIH)]  expressing  a  fusion  protein  (Cre-ERTam)  of  Cre  recom- 
binase  and  a  mutated  ligand-binding  domain  of  the  estrogen  receptor 
(ERTam)  under  the  control  of  a  mouse  Col(II)  promoter  and  enhancer. 
The  inducibility  of  Cre  activity  by  Tam  and  the  specific  expression  of 
the  construct  in  cartilage  has  been  previously  confirmed  (23,  24).  Mouse 
genotypes  were  determined  by  PCR  analyses  of  genomic  DNAs  from 
tail  snips  with  primers  for  the  Cre  transgene  (Cre-l/Cre-2;  see  table  S2), 
which  amplified  a  ~500-bp  cDNA  and  the  P3U  and  P3L  primer  set  for 
the  loxP  sequence  at  the  3'  end  of  exon  7,  which  amplified  a  133-bp 
DNA  fragment  from  wild-type  alleles  and  a  167-bp  DNA  from  floxed  Casr 
alleles.  To  verify  tissue-specific  gene  excision,  genomic  DNA  was  isolated 
from  the  tissues  specified  and  was  then  subjected  to  PCR  analysis  with  the 
P4/P3L  primer  set,  which  amplified  a  284-bp  DNA  fragment  from  the  Casr 
gene  allele  after  the  excision  of  exon  7. 

Whole-mount  AR  and  AB  staining 

Mice  were  skinned,  eviscerated,  and  fixed  in  ethanol  (95%)  for  2  to  5  days. 
Tissues  were  then  defatted  in  acetone  for  2  days,  stained  in  AR/AB  solu¬ 
tion  [AB  (0.01 5%),  AR  (0.005%),  acetic  acid  (0.05%),  and  ethanol  (75%)] 
for  5  days,  cleared  in  KOH  (1%)  in  glycerol  (gradually  increased  from  0% 
to  20%,  50%,  and  80%  with  2-day  intervals  between  steps),  and  stored  and 
visualized  in  100%  glycerol  (34). 

Von  Kossa  and  Goldner  staining 

Femurs  and  tibiae  were  isolated,  fixed  in  1 0%  phosphate-buffered  forma¬ 
lin,  dehydrated,  defatted,  and  embedded  in  plastic  (methyl  methacrylate, 
Sigma,  St.  Louis,  MO).  For  detection  of  phosphate-containing  minerals, 
4-jim  sections  were  stained  with  VK  reagents  by  a  standard  protocol  (35) 
[silver  nitrate  (1%)  in  H20  for  10  min  in  the  dark;  a  mixture  of  sodium 
carbonate  (5%)  and  formaldehyde  (10%)  in  H20  for  2  min;  and  a  mix¬ 
ture  of  sodium  thiosulfate  (10%)  and  potassium  ferricyanide  (0.05%)  in 
H20  for  20  s;  with  washes  in  tap  water  between  steps],  followed  by  coun- 
terstaining  with  SO  (0.01%)  in  H20  for  20  min.  To  distinguish  between 
mineralized  matrix  and  unmineralized  osteoid,  sections  were  stained  with 
Goldner  trichrome  reagents  [in  H20,  picric  acid  (1%)  at  37°C  for  2  hours; 
fiichsin  (1%)  for  15  min;  phosphomolybdic  acid  (6%)  for  5  min;  and  light 
green  (4%)  for  15  min;  with  washes  in  tap  water  between  steps]. 

Cell  culture,  transfection,  and  [3H]lnsP  assay 

HEK  293  cells  were  cultured  and  transfected  with  WT-CaSR-green  flu¬ 
orescent  protein  (GFP),  AExon7-CaSR-GFP,  WT-CaSR,  AExon7-CaSR, 
or  empty  pcDNA3.1  vector  cDNAs  (10  pg/construct)  as  described  (36). 
Twenty-four  hours  after  transfection,  cells  were  replated  on  coverslips  for 
confocal  microscopy,  six-well  dishes  for  [3H]InsP  assays,  and  10-cm 
dishes  for  protein  lysates  and  cultured  for  an  additional  48  hours.  For 
coculture  experiments,  cells  separately  transfected  with  WT-CaSR  or 
with  AExon7-CaSR  cDNAs  were  mixed  in  a  1:1  ratio  and  cocultured 
for  48  hours  before  the  start  of  InsP  assays.  Twenty-four  hours  after  re¬ 
plating,  HEK  293  cells  expressing  WT-CaSR  or  AExon7-CaSR  cDNAs 
and  a  mixture  of  cells  expressing  each  of  these  constructs  were  labeled 
with  [3H]myoinositol  (2  jiCi/ml)  for  18  to  24  hours  (36).  Cells  were  ex¬ 
posed  to  conditions  of  differing  [Ca2+]e  for  60  min  at  37°C  after  pre¬ 
treatment  for  10  min  with  10  mM  LiCl.  Total  [3H]InsP  was  quantified 
after  anion-exchange  chromatography  and  is  presented  as  the  fold  in- 
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crease  over  the  basal  amount  of  [3H]InsP  under  conditions  of  0.5  mM 
Ca2+  and  0.5  mM  Mg2+. 

Immunocytochemistry  and  Western  blotting 

For  fluorescent  microscopy,  HEK  293  cells  transfected  with  WT-CaSR- 
GFP  or  AExon7-CaSR-GFP  and  grown  on  coverslips  were  fixed  with 
4%  paraformaldehyde,  mounted  on  glass  slides  with  Gel  Mount  (Biomeda, 
Foster  City,  CA),  and  examined  with  a  Leica  TCS  confocal  microscope 
(Laboratory  for  Cell  Imaging,  San  Francisco  Department  of  Veterans 
Affairs  Medical  Center).  Tibiae  from  El 8  to  El 9  Tam-Cart-KO  and  con¬ 
trol  embryos  were  dissected,  fixed  in  4%  paraformaldehyde  in  phosphate- 
buffered  saline  (PBS),  decalcified  in  10%  EDTA  in  PBS  for  24  hours,  and 
cut  into  4 -jam  sections.  Immunoreactivity  in  these  sections  was  detected 
with  a  custom-made  rabbit  polyclonal  anti-CaSR  antibody  (100  nM) 
raised  against  an  intracellular  epitope  of  the  receptor  (36)  and  horseradish 
peroxidase  (HRP)-conjugated  goat  antirabbit  immunoglobulin  G  antisera, 
and  signals  were  developed  by  a  3,3 '-diaminobenzidine  (DAB)  substrate. 
Sections  were  counterstained  with  aqueous  hematoxylin.  Proteins  from  total 
cell  lysates  of  HEK  293  cells  expressing  WT-CaSR-GFP  or  AExon7-CaSR- 
GFP  and  from  concentrated  culture  media  bathing  the  cells  were  electro- 
phoresed  on  SDS-polyacrylamide  gel  electrophoresis  gels  and  transferred 
to  nitrocellulose  membranes  (36).  Membranes  were  incubated  with  anti- 
GFP  (50  nM)  antibody  and  the  appropriate  HRP-conjugated  secondary  anti¬ 
bodies.  Signals  were  detected  with  a  SuperSignal  chemiluminescence  sub¬ 
strate  and  developed  on  Kodak  x-ray  film. 

Microcomputed  tomography 

To  quantify  the  amount  of  mineral  deposited  by  mature  osteoblasts  in 
the  bone  matrix,  we  performed  pCT  scans  at  two  anatomical  sites:  the 
distal  femur,  a  site  rich  in  Tb  bone,  and  the  TFJ,  a  site  rich  in  Ct  bone, 
as  described  (35).  Femurs  and  tibiae  were  isolated,  fixed  in  10% 
phosphate-buffered  formalin  for  24  hours,  and  then  switched  to  70% 
ethanol.  Bones  were  then  scanned  in  a  tube  containing  70%  ethanol  by 
a  Scanco  vivaCT  40  scanner  (Scanco  Medical,  Basserdorf,  Switz¬ 
erland).  To  assess  Tb  bone  in  the  distal  femoral  metaphysis,  100  serial 
cross-sectional  scans  (1.05  mm)  of  the  secondary  spongiosa  were  ob¬ 
tained  from  the  end  of  the  growth  plate,  extending  proximally  with 
10. 5 -pm  voxel  size  and  55-kV  x-ray  energy.  For  the  Ct  bone  scans, 
100  serial  cross  sections  (1.05  mm)  of  the  tibia  were  obtained  from 
the  TFJ,  extending  proximally  with  10.5-pm  voxel  size  and  55-kV  x-ray 
energy.  For  analysis  of  pCT  images,  thresholds  were  applied  to  segment  or 
separate  the  mineralized  bone  matrix  from  soft  tissue.  Linear  attenuation 
was  calibrated  with  hydroxyapatite  as  the  standard.  Image  analysis  and 
3D  reconstructions  were  performed  with  the  manufacturer's  software 
(SCANCO  Medical  AG,  Bassersdorf,  Switzerland). 

Quantitative  real-time  PCR  assays 

RNA  samples  isolated  from  the  PTGs  of  2-week-old  mice,  from  the  hu¬ 
meral  cortices  of  14-  and  21 -day-old  mice  after  the  bone  marrow  was 
flushed  out,  or  from  epiphyseal  growth  plates  from  El 8  to  El 9  embryos 
were  reverse-transcribed  into  cDNA  and  subjected  to  qPCR  (7,  8).  Expres¬ 
sion  of  the  following  genes  was  determined:  Casr  and  PTH  for  PTGs; 
osteogenic  markers  [OSX,  Col  (I),  ALP,  DMP1 ,  OCN ,  SO  ST]  and  Casr 
and  the  growth  regulatory  factors  IGF -l,  CCND1 ,  Bcl-2 ,  Bcl-2L1 ,  and 
IL-10  for  bone;  and  chondrogenic  markers  [AGG,  Col (II),  Col(X),  OPN, 
and  RUNX2]  and  IGF-1,  IGF-1R,  and  Casr  for  cartilage.  Taqman  assay- 
based  sets  of  primers  and  probes  for  mouse  Casr  (spanning  exons  6  and  7), 
PTH,  CCNDI,  DMPI,  and  SOSTwqyq  obtained  from  Applied  Biosystems 
(Foster  City,  CA).  Cyber  green-based  sets  of  primers  and  probes  for  Bcl-2, 
Bcl-2L1,  IL-10 ,  and  GAPDH  were  purchased  from  SuperArray  (Frederick, 


MD).  Taqman-based  sets  of  primers  and  probes  for  OSX ,  Col(I),  ALP, 
OCN,  Casr  (spanning  exons  2  and  3),  AGG,  Col (II),  Col(X),  IGF-1, 
IGF-1  R,  RUNX2,  OPN ,  and  LI 9  were  custom-made  by  Integrated  DNA 
Technologies  (Coralville,  IA)  according  to  published  sequences  (table  S2). 

Culture,  adenoviral  infection,  and  AR  staining  of  floxed 
IGF-1  R  GPCs 

Growth  plate  chondrocytes  isolated  from  2-  to  4-day-old  floxed  IGF-1R 
mice  (37)  were  cultured  and  infected  with  replication-deficient  adeno¬ 
viruses  [~16  plaque-forming  units  (PFU)/cell]  carrying  cDNA  encoding 
the  bacterial  Cre  recombinase  (Ad-Cre)  or  no  insert  (Ad-Cont)  as  de¬ 
scribed  (38).  RNA  and  cell  lysates  were  isolated  48  to  72  hours  post¬ 
infection  to  assess  the  expression  of  IGF-1R  and  a^X)  as  described 
above.  Alizarin  red  staining  was  performed  on  infected  cultures  grown  in 
medium  containing  2.0  mM  Ca2+  for  14  days  to  assess  mineralization  (8). 

Statistics 

Data  from  two  groups  were  represented  as  mean  ±  the  standard  error  of 
the  mean  and  compared  by  unpaired  Student’s  t  test.  Significance  was 
assigned  for  P  <  0.05  or  P  <  0.01. 

SUPPLEMENTARY  MATERIALS 

www.sciencesignaling.org/cgi/content/full/l/35/ral/DCI 

Figure  SI:  Characterization  of  the  AExon7-CaSR  in  HEK  293  cells. 

Figure  S2:  PCR  analysis  of  control,  COL-Het,  and  COL-KO  mice. 

Figure  S3:  Histological  analysis  and  gene  expression  assays  of  COL-KO  mice. 

Figure  S4:  PCR  analysis  of  control,  Cart-Het,  and  Cart-KO  mice. 

Table  SI:  Sequence  of  primers  required  for  genotyping  mice. 

Table  S2:  Sequences  of  primers  and  probes  for  qPCR  analyses. 
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ABSTRACT 

The  goal  of  this  project  is  to  use  functional  magnetic  resonance  imaging  (fMRI)  to  examine  the 
effects  of  posttraumatic  stress  disorder  (PTSD)  on  neural  modulation  in  a  high-level  visual 
processing  area.  Two  groups  of  subjects  will  be  studied:  combat-exposed  veterans  with  PTSD 
and  combat-exposed  veterans  without  PTSD.  Blood-oxygen  level  dependent  (BOLD)  will  be 
measured  while  subjects  view  pictures  with  and  without  combat-related  content  in  “repeated” 
and  “different”  (i.e.,  novel)  presentation  conditions.  The  pattern  of  BOLD  response  in  the  lateral 
occipital  complex  (LOC),  a  high-level  visual  processing  area,  will  be  examined.  Specifically,  we 
will  compare  habituation  of  the  BOLD  response  in  the  LOC  to  repeated  presentations  of  combat- 
related  and  non-combat-related  pictures.  We  hypothesize  that  veterans  with  PTSD  will  show 
less  habituation  of  the  BOLD  response  in  the  LOC  to  repeated  presentations  of  combat-related 
pictures  than  to  repeated  presentations  of  non-combat-related  pictures.  In  addition,  we  will 
compare  habituation  of  the  BOLD  response  in  the  LOC  in  this  novel  fMRI  task  to  habituation  of 
the  acoustic  startle  response,  a  well-established  finding  in  individuals  with  PTSD.  If  reduced 
BOLD  habituation  in  the  visual  cortex  is  truly  a  robust  and  reproducible  finding  in  PTSD,  then  it 
may  prove  to  be  a  useful  biomarker  for  validating  self-reported  measures  of  PTSD  and  PTSD 
treatment  efficacy. 
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It  is  well  established  that  individuals  with  posttraumatic  stress  disorder  (PTSD)  have  enhanced 
physiological  responses  to  trauma  specific  cues  (1,2)  and  enhanced  responses  to  acoustic  startle 
(3-6).  A  recent  functional  magnetic  resonance  imaging  (fMRI)  study  reported  that  PTSD  subjects 
exhibited  reduced  habituation  of  the  blood-oxygen  level  dependent  (BOLD)  response  to  repeated 
presentations  of  combat-related  stimuli  in  a  high-level  visual  processing  area  (7).  Because 
impaired  habituation  and  extinction  have  been  proposed  to  play  a  prominent  role  in  the 
pathogenesis  of  PTSD  (8),  it  is  tempting  to  conclude  from  the  fMRI  results  of  Hendler  et  al.  (7) 
that  subjects  with  PTSD  have  enhanced  fear  conditioning  of  traumatic  experiences  that  is 
expressed  as  altered  modulation  of  brain  activity  at  the  level  of  the  sensory  cortex.  However, 
Hendler  and  colleagues  only  studied  nine  veterans  with  PTSD.  Thus,  it  is  unclear  how  robust  or 
reproducible  their  finding  is.  The  goal  of  this  project  is  to  replicate  and  extend,  in  a  larger  sample 
of  PTSD  subjects,  the  finding  that  PTSD  reduces  BOLD  habituation  in  the  visual  cortex  to 
combat-related  stimuli.  If  reduced  BOLD  habituation  in  the  visual  cortex  is  truly  a  robust  and 
reproducible  finding  in  PTSD,  then  it  may  prove  to  be  a  useful  biomarker  for  PTSD. 

The  goal  of  this  project  is  to  examine  the  effect  of  PTSD  on  neural  modulation  in  the  lateral 
occipital  complex  (LOC),  a  high-level  visual  processing  region  that  is  selectively  activated  by 
images  of  objects.  To  achieve  this  aim,  we  will  test  the  hypothesis  that  habituation  of  the  BOLD 
response  in  the  LOC  to  repeated  presentations  of  combat-related  stimuli  is  reduced  veterans  with 
PTSD.  In  addition,  we  will  compare  habituation  of  the  BOLD  response  in  the  LOC  in  this  novel 
fMRI  task  to  habituation  of  the  acoustic  startle  response,  a  well-established  phenomenon  in 
individuals  with  PTSD  (9). 


BODY 

To  date,  we  have  recruited  and  studied  7  veterans  without  PTSD  and  10  veterans  with  PTSD. 
The  subjects  have  all  been  male  combat  veterans  of  the  Vietnam,  Bosnia,  and  first  Gulf  War,  as 
well  as  Operation  Enduring  Freedom  and  Operation  Iraqi  Freedom. 

The  table  below  describes  the  demographics  of  the  subjects  studied  to  date:  There  were  no 
significant  differences  in  age  or  years  of  education  between  subjects  with  and  subjects  without 
PTSD. 

Table  1.  Subject  demographic  data 


N 

Age 

Education 

PTSD- 

7 

29.3  +  7.1 

14.9+1.9 

PTSD+ 

10 

39.7+14.0 

14.8  +  1.7 

One  of  the  first  findings  of  this  study  is  that  the  LOC  responds  more  strongly  to  traumatic  than  to 
neutral  images  in  subjects  with  and  without  PTSD  (see  Figure  1  below).  Although  the  LOC  is 
known  to  be  an  “object-responsive”  region  (i.e.,  a  brain  region  that  responds  more  strongly  to 
images  of  objects  than  other  types  of  images),  no  one  to  date  has  shown  that  traumatic  images 
elicit  a  stronger  response  in  this  brain  region  than  neutral  images. 
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Based  on  the  results  of  Hendler  et  al.  (7)  we  had  expected  to  find  reduced  fMR  adaptation  in  the 
LOC  to  traumatic  stimuli  in  subjects  with  PTSD  compared  to  subjects  without  PTSD.  Although 
we  did  find  this  pattern  of  results  in  some  PTSD+  subjects  (see  Figure  1),  we  did  not  find  it  in  all 


Figure  1A.  Example  of  lateral  occipital  complex  (LOC)  in  a  representative  subject 
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Figure  IB.  Percent  activation  in  the  LOC  to  novel  and  repeated  traumatic  and  neutral 
images  in  a  PTSD-  and  PTSD+  subject.  Note  that  both  subjects  show  approximately  the 
same  amount  of  activation  to  novel  traumatic  images,  but  that  the  PTSD+  subjects  shows 
greater  activation  to  repeated  traumatic  images  than  the  PTSD-  subject. 


PTSD+  subjects.  Thus,  we  did  not  find  any  significant  difference  in  the  adaptation  ratio  to 
traumatic  images  in  subjects  with  and  without  PSTD  (see  Figure  2).  The  adaptation  ratio  is  a 
ratio  of  activation  elicited  by  repeated  and  novel  images.  An  adaptation  ratio  of  1  indicates  no 
adaptation. 
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However,  we  did  find  that  in  PTSD+  subjects,  the  amount  of  adaptation  in  the  LOC  to  traumatic 
images  was  positively  correlated  to  the  amount  of  intrusive  symptoms  they  experienced  (r=0.75, 
p=0.03).  In  other  words,  the  more  intrusive  symptoms  a  PTSD+  subject  reported,  the  less 
adaptation  (or  the  higher  the  adaptation  ratio)  that  subject  showed  to  traumatic  images  (see  figure 
3).  It  should  be  noted  that  the  Clinical-Administered  PTSD  Scale  (CAPS)  measures  intrusion, 
avoidance,  and  arousal  symptoms,  but  only  intrusion  correlated  with  the  amount  of  adaptation  to 
traumatic  images  in  PTSD+  subjects. 
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Figure  3 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  We  showed  that  the  LOC  responds  more  strongly  to  traumatic  than  neutral  images  in 
subjects  with  and  without  PTSD. 

•  We  found  that  functional  adaptation  of  the  LOC  to  traumatic  images  is  not  merely  a 
affected  by  PTSD  but  rather  a  by  the  amount  of  intrusive  symptoms  that  a  subject  with 
PTSD  experiences. 


REPORTABLE  OUTCOMES 

No  publications  or  abstracts  have  resulted  from  this  study.  However,  we  are  planning  to 
report  our  findings  that  the  LOC  responds  more  strongly  to  traumatic  than  neutral  images  in 
subjects  with  and  without  PTSD  and  the  fact  that  functional  adaptation  of  the  LOC  to 
traumatic  images  is  related  to  how  many  intrusive  symptoms  a  subject  with  PTSD 
experiences  in  an  abstract  soon. 


CONCLUSION 

The  goal  of  this  project  is  to  examine  the  effect  of  PTSD  on  neural  modulation  in  the  LOC,  a 
high-level  visual  processing  region  that  is  selectively  activated  by  images  of  objects. 
Previous  fMRI  results  from  Hendler  et  al.  (7)  suggested  that  subjects  with  PTSD  have 
enhanced  fear  conditioning  of  traumatic  experiences  that  is  expressed  as  altered  modulation 
of  brain  activity  at  the  level  of  the  sensory  cortex.  Our  results  to  date  suggest  that  only 
PTSD+  subjects  who  experience  many  intrusive  symptoms  show  altered  modulation  of  brain 
activity  at  the  level  of  the  sensory  cortex  to  traumatic  images.  T  hese  results  suggest  that 
reduced  BOLD  habituation  in  the  visual  association  cortex  is  may  be  a  useful  biomarker  for 
intrusive  symptoms  in  PTSD. 
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Pilot  Study  5: 

Novel  Approach  to  Overcoming  Psychological  Stress-Induced  Delays  in  Wound 
Healing  by  Inhibiting  Stress  Hormone  (Glucocorticoid)  Activities 

Principle  Investigator:  Peter  M.  Elias  M.D. 


ABSTRACT 

PURPOSE:  To  investigate  the  effects  of  specific  effectors  of  the  nuclear  hormone  receptor  class, 
and  the  role  of  glucocorticoids,  on  the  rate  of  skin  wound  healing  during  psychological  stress. 
SCOPE:  1)  To  assess  the  effects  of  psychological  stress  on  wound  healing  in  normal  and 
compromised  skin;  2)  To  assess  whether  the  psychological  stress-induced  delay  can  be  attributed 
to  enhanced  glucocorticoid  production;  3)  To  assess  the  basis  for  delayed  skin  wound  healing  in 
psychologically-stressed  animals;  and  4)  To  determine  whether  ligands  of  class  II  nuclear 
hormone  receptors  normalize  skin  wound  healing  in  the  face  of  psychological  stress.  MAJOR 
FINDINGS:  Our  initial  results  demonstrate  a  delay  in  the  rate  of  skin  wound  healing  in  animals 
undergoing  psychological  stress  compared  with  the  rate  of  wound  healing  in  control  (non- 
stressed)  animals.  Demonstrated  that  skin  wound  healing  in  the  psychological  stress  group  is 
accelerated  (normalized)  when  animals  are  removed  from  the  psychological  stress  conditions. 
Initial  studies  to  determine  the  extent  to  which  pharmacologic  activators  of  the  liposensor 
subclass  of  class  II  nuclear  hormone  receptors  (i.e.,  PPARa,  PPARy,  PPAR8,  and  LXR) 
overcome  psychological  stress-induced  delays  in  wound  healing  reveal  that  a  specific  PPAR 
agonist  improves  (overcomes)  the  psychological  stress-induced  delay  in  skin  wound  healing. 
SIGNIFICANCE:  Studies  to  date  suggest  that  specific  nuclear  hormone  receptor  agonists  can 
improve  the  rate  of  wound  healing  following  a  full-thickness  skin  wound,  while  others  can  have 
deleterious  effects  on  the  rate  of  wound  healing.  Thus,  activation  of  specific  nuclear  hormone 
receptor(s)  may  represent  novel  target  pathways  to  alter  the  wound  healing  under  conditions  of 
psychological  stress  as  experienced  by  combat  military  and  non-military  personnel.  Increased 
rates  of  wound  healing  should  improve  outcomes  for  both  military  and  non-military  personnel 
experiencing  combat-related  injuries. 
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INTRODUCTION 

Whereas  psychological  stress  (PS)  is  well-known  to  delay  wound  healing  (WH),  the  responsible 
mechanisms  have  not  yet  been  fully  clarified.  Our  recent  work  on  stressed  rodent  models, 
subjected  to  superficial  injury,  identifies  a  PS-induced  increase  in  endogenous  glucocorticoids 
(GC)  as  the  responsible  mechanism.  Highly-increased  PS  is  a  defining  feature  of  military 
service,  particularly  under  combat  conditions,  which  likely  delays  WH  in  wounded  servicemen 
and  women,  particularly  in  those  affected  by  post-traumatic  stress  disorder  (PTSD).  In  a  newly- 
developed  rodent  model,  we  will  assess  the  role  of  increased  endogenous  GC  in  the  PS-induced 
delay  in  WH.  Since  GC-mediated  mechanisms  operate  in  response  to  PS,  we  next  will  test  which 
interventions  that  modify  GC-mediated  mechanisms  are  most  effective  in  normalizing  delayed 
WH.  Finally,  we  will  assess  the  ability  of  another  class  of  therapeutic  agents;  i.e.,  activators  of 
the  liposensor  subclass  of  class  II  nuclear  hormone  receptors,  for  their  ability  to  accelerate  WH. 
Our  preliminary  studies  have  shown  that  these  agents  not  only  accelerate  WH  after  superficial 
epidermal  insults,  but  they  also  override  specific  mechanisms  that  are  suppressed  by  GC,  such  as 
epidermal  barrier  repair,  mitogenesis,  differentiation,  and  lipid  synthesis.  Together,  these  studies 
will  determine  the  role  of  increased  endogenous  GC  in  delayed  WH,  and  assess  a  variety  of 
corrective  approaches  that  could  be  applied  quickly  to  benefit  wounded  military  personnel  and 
the  general  public. 


BODY 

During  the  first  full  year  of  this  grant,  we  have  made  significant  progress  toward  the  goals  of  this 
study.  We  have  established  and  continue  to  optimize  the  animal  model  for  stress-induced  delay 
in  wound  healing.  We  have  demonstrated  a  delay  in  wound  healing  in  animals  that  are 
maintained  in  a  stressed  environment  vs.  those  that  are  not  similarly  stressed  (Controls:  either 
food  and  water  restricted,  or  allowed  food  and/or  water  access,  to  match  the  stressed-animal 
conditions).  In  this  model,  animals  are  placed  in  stress  environment  for  10-12  hrs  per  day  (12-14 
hrs  non-stress)  for  three  days  prior  to  wounding,  and  for  two-to-five  days  after  wounding. 
Wounds  (full-thickness  biopsies)  are  obtained  at  day  0,  and  wound  size  is  assessed  digitally 
following  daily  photo-recording  and  integration  of  resultant  of  involved  wound  areas. 
Representative  data  are  presented  in  Fig.  1,  showing  the  rate  of  wound  closure  (percent  of 
healing)  vs.  time  after  wounding,  with  a  significant  delay  in  wound  repair  for  psychologically- 
stressed(PS)  animals  vs.  food  and  water-restricted  control  animals. 

We  have  obtained  results  with  the  test  compounds  proposed  in  these  studies,  including  agonists 
of  the  nuclear  hormone  receptor  (NHR)  ligand  families;  i.e.,  PPARs  and  FXR  agonists/ligands. 
Initial  results  (prior  reported  data)  revealed  that  the  treatment  of  animals  topically  (twice  daily 
for  5  days  after  wounding)  with  the  PPAR-alpha  activator  lead  to  improved  wound  healing  vs. 
vehicle-treated  (PGE)  control  animals.  Repeat  studies  show  now  reveal  no  significant  difference 
in  wound  healing  repair  with  the  topical  application  of  the  PPAR-alpha  activator  WY 14643 
immediately  following  wounding  and  during  the  initial  wound  repair  period  (Fig.  2). 

Results  with  topical  FXR  agonist  (TO)  results:  (Fig.  3  &  4):  Similar  topical  treatment  (as  in  Fig. 
2)  with  the  FXR-specific  agonist  (TO)  resulted  in  a  trend  toward  improved  wound  healing  during 
psychological  stress  (Figs.  3  &  4),  but  differences  did  not  reach  statistical  significance.  Inter¬ 
animal  variability  has  been  an  issue  requiring  further  optimization  of  the  wound 
healing/psychological  stress  model.  In  this  regard,  we  are  continuing  to  assess  mechanisms  to 
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reduce  the  variability  in  wound  repair  both  between  and  within  animals  of  the  same  grouping.  A 
number  of  factors  have  been  identified,  including  aggressive  behavior  of  male  (dominant) 
animals  within  groups,  secondary  scratch  wounds  to  the  biopsy  site,  as  well  as  water  restriction. 
We  subsequently  have  modified  the  restraint  housing  containers  to  allow  inclusion  of  gel  packs 
(water  source)  during  the  PS  period,  housed  mice  separately  following  wounding,  and  performed 
PS  wound  repair  studies  using  female  mice.  Additional  experiments  utilizing  these 
modifications  are  being  performed  to  further  assess  the  effects  of  the  LXR  agonists  on  the 
psychological  stress  induced  delay  in  wound  healing. 

To  assess  the  role  of  glucocorticoids  in  the  psychological  stress  induced  delay  in  wound  healing, 
the  effects  of  Antalarmin  (ATL)  and  RU486  were  employed.  Hairless  mice  were  placed  in  stress 
environment,  as  described  in  Fig.  1,  and  treated  (twice  daily  during  initial  psychological  stress 
period,  and  for  2  days  after  wounding)  with  the  glucocorticoid  production  inhibitor,  Antalarmin, 
or  the  glucocorticoid  receptor  antagonist  (RU486),  or  vehicle  (Veh).  Treatment  with  neither 
antalarmin  nor  RU486  resulted  in  inhibition  of  the  psychological  stress-induced  delay  in  wound 
healing.  Additional  studies  are  ongoing  using  modified  pretreatment  regimens  to  further  assess 
the  mechanism  by  which  restraint-induced  psychological  stress  induces  a  delay  in  wound 
healing. 
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Figure  1: 
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Fig.  1:  Psychological  Stress  delays  wound  healing  in  full-thickness  cutaneous  wounds: 

Hairless  mice  were  placed  in  stress  environment  (12  hrs  per  day;  12  hrs  non-stress)  for  three  days 
prior  to  wounding,  and  two  days  after  wounding.  Wounds  (full-thickness  biopsies)  are  obtained 
at  day  0,  and  wound  size  is  assessed  digitally  following  daily  photo-recording  of  wound  areas. 
Representative  preliminary/initial  data  show  the  rate  of  wound  closure  (percent  of  healing  from 
100%  wound  area)  vs.  time  after  wounding.  Wound  repair  is  delayed  in  stressed  animals 
(PS+Veh;  propylene  glycol: ethanol  vehicle;  lower/pink  line)  vs.  non-psychologically-stressed, 
food  and  water-restricted  (N-PS  Control  animals;  upper/blue  line). 
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Figure  2: 
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Fig.  2:  PPAR-alpha-specific  ligand  (WY)  accelerates  wound  repair:  Hairless  mice  were 
placed  in  stress  environment,  as  described  in  Fig.  1,  and  treated  topically  (twice  daily  for  2  days 
after  wounding)  with  the  PPAR-alpha  activator  (WY)  or  vehicle  (PGE)  control.  Treatment  with 
PPAR-alpha  agonist  (WY)  did  not  alter  the  rate  of  wound  healing  (middle/green  line)  vs. 
psychologically-stressed,  vehicle -treated  control(Veh)  animals  (lower/pink  line); 
Psychologically-stressed  animals  (Veh)  showed  significantly  delayed  wound  healing  vs.  Non- 
psychologically-stressed  animals  (N-PS;  upper/blue  line);  *p<0.001. 
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Figure  3: 
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Fig.  3:  LXR-specific  activator  (TO)  effect  on  psychologically-induced  delay  in  wound 
repair:  Hairless  mice  were  placed  in  stress  environment,  as  described  in  Fig.  1,  and  treated 
topically  (twice  daily  for  2  days  after  wounding)  with  the  LXR-specific  activator  (TO)  or  vehicle 
(DMSO)  control.  Treatment  with  the  LXR-specific  agonist  (TO)  showed  a  trend  toward 
improved  wound  healing  (middle/green  line)  relative  to  the  appropriate  psychologically-stressed, 
vehicle  (DMSO)-treated  (lower/pink  line)  control  animals.  Psychologically-stressed  animals 
(Veh)  showed  significantly  delayed  wound  healing  vs.  Non-psychologically-stressed  animals  (NI¬ 
PS;  upper/blue  line);  *p<0.001. 
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Figure  4: 

Fig.  4:  LXR-specific  activator  (TO)  effect  on  psychologically-induced  delay  in  wound 
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repair:  Hairless  mice  were  placed  in  stress  environment,  as  described  in  Fig.  1,  and  treated 
topically  (twice  daily  for  4  days  after  wounding)  with  the  LXR-specific  activator  (TO)  or  vehicle 
(Veh;  DMSO)  control.  Treatment  with  the  LXR-specific  agonist  (TO)  again  showed  a  trend 
toward  improved  wound  healing  (upper/pink  line)  relative  to  the  appropriate  psychologically- 
stressed,  vehicle  (DMSO)-treated  (lower/blue  line)  control  animals,  however  differences  were 
not  statistically  significant. 
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Figure  5: 
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Fig.  5:  Effects  of  Antalarmin  (ATL)  and  RU486  on  Psychologically-Induced  Delay  in 
Wound  Healing:  Hairless  mice  were  placed  in  stress  environment,  as  described  in  Fig.  1,  and 
treated  topically  (twice  daily  during  and  for  2  days  after  wounding)  with  the  glucocorticoid 
production  inhibitor,  Antalarmin  (ATL),  or  the  glucocorticoid  receptor  antagonist  (RU486),  or 
vehicle  (Veh).  Treatment  with  neither  antalarmin  nor  RU486  resulted  in  an  inhibition  of  the 
psychological  stress-induced  delay  in  wound  healing.  Psychologically-stressed  animals  (Veh) 
showed  significantly  delayed  wound  healing  vs.  Non-psychologically-stressed  animals  (N-PS; 
upper/blue  line);  *p<0.001. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

1.  Established  the  in  vivo  murine  model  for  psychological  stress,  including  animal 
husbandry  conditions  required  to  achieve  the  required  psychological  stress  (PS). 

2.  Established  the  techniques  required  to  produce  the  appropriate  full-thickness  wound  (size 
&  depth). 

3.  Established  the  techniques  required  to  record  and  quantify  the  rate  of  wound  healing 
following  full-thickness  wounding  using  a  photo-based  digital  analysis  system  and 
requisite  software. 

4.  Determined  the  rates  of  wound  healing  (WH)  following  full-thickness  wounding  in 
stressed  and  non-stressed  animals. 

5.  Demonstrated  that  WH  rates  on  the  lower  back  of  animals  are  distinct  from  the  upper 
back  area,  requiring  that  lower  back  regions  be  excluded  as  study  sites. 

6.  Demonstrated  delay  in  WH  rate  in  PS  group  animals  (compared  with  the  sham-treated 
control  group). 

7.  Demonstrated  that  WH  in  the  PS  group  is  accelerated  when  animals  are  removed  from 
the  PS  conditions. 

8.  Performed  initial  studies  to  determine  the  extent  to  which  pharmacologic  activators  of  the 
liposensor  subclass  of  class  II  Nuclear  Hormone  Receptors  (PPARa,  PPARy,  PPAR5, 
and  LXR)  overcome  PS-induced  delays  in  WH. 

9.  Determined  that  a  specific  LXR  agonist  may  improve  the  PS-induced  delay  in  WH. 

REPORTABLE  OUTCOMES 

An  abstract  describing  these  initial  results  will  be  submitted  to  the  Society  for  Investigative 
Dermatology  for  presentation  at  the  2009  Annual  Meeting  of  the  Society  for  Investigative 
Dermatology,  to  be  held  May  6-9,  2009  in  Montreal,  Canada. 

CONCLUSION 

During  this  initial  grant  period,  we  have  made  significant  progress  toward  the  goals  of  this  study. 
We  have  established  the  animal  model  for  stress-induced  delay  in  wound  healing.  In  addition, 
initial  results  reveal  that  treatment  with  a  PPAR-alpha  activator  improved/accelerated  wound 
healing,  while  similar  treatment  with  a  LXR-specific  agonist  delayed  wound  healing  relative  to 
the  appropriate  vehicle-treated  controls.  These  initial  results  strongly  suggest  that  activators  of 
the  nuclear  hormone  receptors  can  alter  wound  healing  under  stress,  with  both  positive  and 
negative  outcomes  possible.  Larger  scale  studies  are  underway  to  determine  which  of  the 
nuclear  hormone  receptor  agonists  allows  for  optimal  wound  healing  rates  in  this  model  of 
stress-induced  wound  healing. 
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1)  Pilot  Study  6: 

The  Post-traumatic  Syndrome  of  Blunt  Head  Injury:  Noninvasive  Neurochemical 
and  Structural  Assessment 

Principal  Investigator:  Grant  Gauger,  M.D. 


-  COMBINED  WITH  PILOT  STUDY  13  - 


2)  Pilot  Study  13: 

High-Field  Susceptibility- Weighted  MRI  and  Volumetric  Spectroscopic  Imaging  in 
Traumatic  Brain  Injury 

Principal  Investigator:  Wang  Zhan,  Ph.D. 


ABSTRACT 

Blunt  trauma  of  the  human  brain,  occurring  in  the  course  of  military  operations  of  a  wide  variety, 
presents  serious  problems  in  assessment,  treatment,  and  outcome  prediction.  Mild  traumatic 
brain  injury  (TBI)  is  frequently  followed  by  a  clinical  syndrome  which  is  associated  with  serious 
disability,  despite  the  absence  of  significant  abnormalities  on  conventional  radiologic  imaging. 
Magnetic  resonance  spectroscopy  has  revealed  changes  in  cerebral  metabolite  ratios  in  several 
sites,  suggesting  diffuse  tissue  damage.  In  a  previous  study  using  volumetric  proton  magnetic 
spectroscopic  imaging  (MRSI)  at  1 ,5T,  we  have  found  significant  changes  in  some  brain  regions 
for  average  values  from  all  TBI  subjects,  with  reduced  N-Acetylaspartate  (NAA)/Creatine  (Cr), 
increased  Choline  (Cho)/Cr,  and  reduced  NAA/Cho  ratios.  The  results  show  evidence  of 
widespread  metabolic  changes  in  regions  that  appear  normal  on  diagnostic  MR  images.  In  order 
to  clarify  the  extent  and  significance  of  such  changes,  we  propose  the  study  of  a  larger  number  of 
subjects,  using  the  4.0T  system,  with  repeat  testing  at  six  months  after  injury.  Moreover,  the 
application  of  diffusion  tensor  imaging  (DTI)  to  the  study  of  white  matter  fiber  systems  in  the 
brain  permits  an  assessment  of  the  relationship  of  metabolic  changes  in  nuclear  centers  to  the 
micro  structural  character  of  their  connecting  tracts.  Data  from  both  MRSI  and  DTI  will  be 
correlated  with  the  results  of  neurocognitive  and  psychological  testing.  This  correlation  is 
anticipated  to  lead  to  improved  understanding  of  the  post-concussion  syndrome,  with  early 
application  to  important  decisions  in  the  assessment  and  treatment  of  injured  military  personnel. 
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The  purpose  of  this  study  is  to  determine  the  nature  and  extent  of  differences  in  metabolic 
measures  between  mild  TBI  patients  and  normal  subjects,  using  4  Tesla  MRI  imaging.  Thisstudy 
is  designed  to  test  the  hypothesis  that  the  combination  of  metabolic 

information,  as  measured  with  volumetric  proton  MRSI,  and  white  matter  connectivity,  as 
measured  by  DTI,  provides  increased  prognostic  value  in  mild  TBI,  as  compared  to  either 
measure  alone.  Furthermore,  neuropsychological  data  will  be  correlated  with  the  MRI  findings  to 
determine  the  underlying  relationship  between  cognitive  impairments  and  white  matter  integrity. 
12  mTBI  subjects  and  6  normal  controls  are  studied  at  2  time  points  per  year  to  evaluate  post¬ 
injury  changes  in  the  brain  over  time. 


BODY 

Since  the  previous  annual  report  on  September  2007,  17  subjects  have  been  recruited,  and  have 
undergone  completion  of  the  consent  process  at  San  Francisco  General  Hospital  (SFGH).  Both 
injured  and  control  subjects  have  then  completed  the  neurocognitive  testing  battery  at  SFGH, 
followed  by  spectroscopy,  diffusion  tensor  imaging,  and  susceptibility  weighted  imaging  at  the 
San  Francisco  Veterans  Affairs  Medical  Center  (SFVAMC).  A  compromise  of  the  recruiting 
process,  caused  by  personnel  changes  at  SFGH,  and  resulting  in  slowed  acquisition,  has  been 
corrected  by  the  designation  of  a  new  local  coordinator. 

The  determination  of  the  nature  and  extent  of  differences  in  metabolic  measures  between  mild 
TBI  patients  and  normal  subjects,  using  the  4  Tesla  magnet,  will  be  accomplished  upon 
completion  of  data  acquisition  from  magnetic  resonance  spectroscopic  study  of  both  injured  and 
control  subjects,  with  repeat  testing  at  a  6-month  interval  in  determination  of  alterations  of 
metabolic  measures  over  time. 

Voxel-based  group  analysis  has  been  performed  on  the  diffusion  tensor  imaging  (DTI)  data 
acquired  from  14  injured  subjects  (Female=l,  29±7  yrs).  Significant  decreased  fractional 
anisotropy  (FA)  (p<0.01)  has  been  found  in  the  intersection  of  the  fornix  and  corpus  callosum 
(See  Fig.l,  a),  and  in  posterior  cingulate  cortex  (b). 


Fig.l:  Reduced  FA  (p<0.01)  in  head  injured  subjects  (N=13) 
compared  with  age  and  gender  matched  group. 
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White  matter  alterations  in  the  trauma  subjects  have  also  been  studied  by  correlation  of  DTI 
images  with  time  after  injury  (7—46  days).  Significant  negative  correlation  between  FA  and  time 
after  injury  was  again  found  in  cingulate  (p<0.01),  as  shown  in  Fig.2. 


Fig.2:  Negative  correlation  of  FA  with  time  after  injury 
(p<0.01)  in  the  injured  subjects  (N=13). 

The  correlation  of  MRSI  and  DTI  data  with  neurobehavioral  changes  determined  by  the 
neurocognitive  testing  will  be  undertaken  as  soon  as  data  acquisition  and  analysis  permit. 


KEY  RESEARCH  ACCOMPLISHMENTS 

1.  Successful  and  continuing  advanced  MR  study  of  injured  subjects  and  controls,  and 
coordinated  neurocognitive  testing,  including  follow-up  examinations. 

2.  Development  of  effective  methodology  to  analyze  the  voxel-based  diffusion  tensor 
imaging  data  at  group  level. 

3.  Identification  of  patterns  of  white  matter  alteration  in  response  to  trauma,  as 
demonstrated  by  changes  in  fractional  anisotropy. 

REPORTABLE  OUTCOMES 

N/A 


CONCLUSION 

The  preliminary  results  of  DTI  investigation  suggest  the  possibility  of  distinctive  patterns  of 
fractional  anisotropy  change  in  acute  mild  head  injury  subjects.  We  plan  to  perform  correlation 
analysis  with  the  results  of  both  spectroscopic  and  neurocognitive  examinations. 

An  improved  understanding  of  the  mechanisms  of  mild  brain  injury,  including  concussion  and 
resulting  impairment  of  cerebral  function,  will  be  dependent  upon  the  correlation  of  biochemical, 
microstructural,  and  cognitive  changes,  and  is  the  objective  of  the  current  study. 
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Pilot  Study  7: 

Protect  Dopamine  Neurons  from  Neurotoxin-Inducted  Degeneration  by  Targeting 
TGFp  Signaling 

Principal  Investigator: 

Eric  J.  Huang,  M.D.,  Ph.D.,  Associate  Professor  of  Pathology,  UCSF  &  Attending 
Neuropathologist,  San  Francisco  VA  Medical  Center 


ABSTRACT 

Exposure  to  neurotoxins  increases  the  risk  of  selective  degeneration  of  midbrain  dopamine  (DA) 
neurons  and  has  been  postulated  to  be  a  major  contributing  factor  to  the  pathogenesis  of 
idiopathic  Parkinson’s  disease.  In  addition,  DA  neurons  have  also  been  implicated  in  drug 
addiction  and  post-traumatic  stress  disorder.  These  important  functions  have  inspired  unremitting 
enthusiasm  toward  identifying  neurotrophic  factors  that  can  promote  the  survival  of  midbrain 
DA  neurons  and  protect  them  from  toxin-induced  degeneration.  Our  recent  results  indicate  that, 
compared  with  the  conventional  neurotrophic  factors,  transforming  growth  factor  beta  (TGFp) 
and  its  associated  signaling  molecules  are  highly  potent  in  promoting  survival  of  midbrain  DA 
neurons  during  programmed  cell  death.  However,  it  is  unclear  if  similar  mechanisms  can  protect 
DA  neurons  from  toxin- induced  injury.  This  research  project  aims  to  use  both  loss-of- function 
and  gain-of-function  approaches  in  a  rodent  model  to  determine  if  activation  of  TGFp  signaling 
protects  DA  neurons  from  neurotoxin-induced  degeneration.  Our  long-term  goal  is  to  apply  the 
success  in  this  project  to  develop  novel  compounds  that  harness  the  protective  effects  of  TGFp 
signaling  to  prevent  toxin-induced  neurodegeneration  during  military  combats  and  in  civilian 
life. 
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INTRODUCTION 

The  neural  circuitries  defined  by  the  midbrain  dopamine  (DA)  neurons  control 
extrapyramidal  movement  and  important  cognitive  functions.  Perturbations  to  these  pathways, 
caused  by  genetic  mutations,  neurotoxins  in  the  environment  or  other  unknown  etiologies,  have 
been  implicated  in  many  neuropsychiatric  conditions,  including  Parkinson’s  disease,  drug 
addiction,  compulsive  disorders,  and  possibly  post-traumatic  stress  disorder  (PTSD).  Because  of 
the  important  functions  of  DA  neurons,  a  central  goal  of  current  research  has  been  to  identify 
compounds  that  can  promote  the  survival  of  these  neurons,  or  modulate  dopamine  synaptic 
transmission.  Recent  data  from  my  lab  provide  strong  genetic  evidence  that  transforming  growth 
factor  beta  (TGFp)  and  its  associated  signaling  molecule  Smad3  and  HIPK2  (homeodomain 
interacting  protein  kinase  2)  are  required  for  the  survival  of  DA  neurons  during  programmed  cell 
death.  Based  on  these  results,  we  hypothesize  that  the  robust  neurotrophic  function  of  TGFp 
signaling  pathway  provides  protective  effects  to  DA  neurons  under  the  experimental  paradigms 
of  neurotoxin-induced  degeneration.  To  test  this  hypothesis,  we  propose  two  specific  aims  to 
determine  if  (1)  partial  or  complete  loss  of  TGFp  signaling  leads  to  selective  vulnerability  of  DA 
neurons  when  exposed  to  neurotoxin  MPTP,  and  (2)  over-expression  of  HIPK2  bypasses  the 
dependence  on  TGFp  and  promotes  the  survival  of  DA  neurons.  Our  goal  is  to  achieve  a 
thorough  understanding  of  the  TGFp  signaling  pathway  in  protecting  DA  neurons  from  toxin- 
induced  injury  and  to  ultimately  target  this  mechanism  as  potential  therapeutic  interventions  for 
Parkinson’s  disease  and  related  neurodegenerative  conditions. 

BODY 

KEY  RESEARCH  ACCOMPLISHMENTS 

We  propose  two  specific  aims  to  (1)  determine  if  DA  neurons  in  mice  lacking  one  allele  of 
7g/p3  (7g/pi+/')  or  two  alleles  of  Hipk2  (HipkZ  ~)  are  more  susceptible  to  MPTP-induced 
toxicity,  and  (2)  to  determine  if  over-expression  of  HIPK2  using  cell  type-specific  genetic 
approach  could  provide  beneficial  effects  to  the  differentiation  and  survival  of  DA  neurons  in 
SNpc. 

(1)  Loss  of  HIPK2  leads  to  resistance  to  MPTP  neurotoxicity  in  DA  neurons 

In  the  first  Specific  Aim,  we  injected  wild  type  and  Hipk2~  ~  mutants  with  PBS  or  MPTP 
(4mg/kg,  daily  for  10  days)  and  collect  brain  tissue  to  determine  the  number  of  DA  neurons  in 
SNpc  and  VTA.  Consistent  with  published  results,  wild  type  mice  treated  with  MPTP  lost  about 
50%  of  DA  neurons  in  SNpc  and  VTA.  However,  Hipk2~'  mutants  treated  with  MPTP  showed 
no  further  reduction  in  DA  neurons  in  SNpc  or  VTA.  These  unexpected  findings  raised  the 
question  that  loss  of  HIPK2  may  render  DA  neurons  more  resistant  to  MPTP,  probably  due  to 
the  fact  that  MPTP  treatment  leads  to  constitutive  activation  of  TGFp  signaling  pathway. 
However,  we  cannot  completely  exclude  the  possibility  that  HIPK2-dependent  DA  neurons  may 
be  more  sensitive  to  MPTP-induced  cell  death. 

We  used  two  approaches  to  further  test  the  hypothesis  that  loss  of  HIPK2  leads  to  resistance 
to  MPTP.  First,  we  challenged  wild  type  and  Hipk2~/~  mutants  with  higher  dosages  of  MPTP 
treatment  (e.g.  4  mg/kg,  4  times  daily  for  2  days)  to  determine  if  DA  neurons  in  Hipk2'/  mutants 
remain  resistant  to  MPTP.  We  reasoned  that  if  DA  neurons  in  both  wild  type  and  Hipk2~/ 
mutants  show  a  similar  reduction  under  higher  dosages  of  MPTP,  this  outcome  would  favor  the 
model  that  HIPK2-dependent  DA  neurons  represent  a  subtype  that  is  more  sensitive  to  low  dose 
MPTP  treatment.  Conversely,  if  DA  neurons  from  Hipk2'/~  mutants  continue  to  be  resistant  to 
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high  dosage  of  MPTP  treatment,  these  results  would  favor  the  notion  that  HIPK2  may  be 
required  for  MPTP-induced  cell  death.  Our  results  indicated  that,  when  exposed  to  a  higher  dose 
of  MPTP,  wild  type  mice  showed  further  reduction  in  DA  neurons.  In  contrast,  only  a  smaller 
percentage  of  Hipk2~/  DA  neurons  were  lost  under  the  same  treatment. 

In  the  second  approach,  we  examined  JNK  activation  and  c-Jun  phosphorylation  in  DA 
neurons  in  response  to  MPTP  treatment.  Activation  of  JNK  and  c-Jun  phosphorylation  have 
been  shown  to  be  key  mechanisms  in  activation  of  cell  death  in  DA  neurons  following  MPTP 
treatment.  Our  results  indicate  that  both  JNK  phosphorylation  and  c-Jun  phosphorylation  are 
significantly  reduced  in  tissue  obtained  from  Hipk2~'~  mutants.  Taken  together,  these  results 
support  the  notion  that  the  increase  in  resistance  to  MPTP  toxicity  in  the  DA  neurons  from 
Hipk2~'~  mutants  may  be  due  to  the  essential  role  of  HIPK2  in  the  activation  of  JNK  and  c-Jun 
phosphorylation. 

(2)  Over-expression  of  HIPK2  increases  MPTP  neurotoxicity  in  a  dose-dependent  fashion 

To  determine  if  over-expression  of  HIPK2  influence  MPTP  toxicity,  we  established  a 
conditional  Hipk2  mutant  allele  (R26RHIPK2)  that  express  extra  copies  of  HIPK2  specifically  in 
DA  neurons.  Our  results  indicated  that  control  mice  that  express  one  or  two  copies  of  R26RHIPK2 
allele  showed  the  same  vulnerability  to  MPTP  toxicity  in  DA  neurons  just  like  wild  type  mice. 
However,  conditional  mutants  that  express  Cre  recombinase  in  DA  neurons  (TH-IRES-Cre)  and 
one  or  two  copies  of  the  conditional  allele  (TH-IRES-Cre;R26RHIPK2/+  or  TH-IRES- 
Cre;R26RHIPK2/HIPK2)  showed  a  gene  dosage-dependent  increase  in  neuron  loss  in  substantia  nigra 
(SNpc).  These  results  are  consistent  with  those  from  the  loss  of  function  analyses  using  Hipk2" 
mutants,  and  provide  compelling  genetic  evidence  that  HIPK2  is  a  key  component  in  the  JNK 
signaling  pathway  in  mediating  MPTP-induced  cell  death  in  DA  neurons. 

To  further  investigate  the  underlying  mechanism  of  HIPK2  in  MPTP-induced  cell  death  of 
DA  neurons,  we  have  began  to  perform  a  series  of  biochemical  assays  in  HEK293  cells  and 
SHSY5Y  neuroblastoma  cells.  Our  preliminary  results  indicate  that  HIPK2  interacts  with  JNK 
and  activates  c-Jun  phosphorylation  and  the  transcriptional  activity  of  c-Jun. 


REPORTABLE  OUTCOMES 

None. 


CONCLUSIONS 

1.  Our  results  indicated  that,  when  exposed  to  MPTP,  wild  type  mice  showed  a  dose- 
dependent  reduction  of  DA  neurons  in  ventral  midbrain.  In  contrast,  Hipk2'/  mutants 
showed  no  loss  of  DA  neurons  under  low  dose,  chronic  treatment  with  MPTP.  Even  at 
high  dose  treatment,  only  a  smaller  percentage  of  Hipk2'/  DA  neurons  were  lost.  These 
results  are  contrary  to  our  hypothesis  and  support  the  notion  that  HIPK2  is  required  to 
activate  cell  death  under  MPTP  treatment.  Consistent  with  these  results,  both  JNK 
phosphorylation  and  c-Jun  phosphorylation  are  significantly  reduced  in  brain  tissue 
obtained  from  Hipk2'/  mutants. 

2.  Our  results  indicated  that  control  mice  that  express  one  or  two  copies  of  R26RHIPK2  allele 
showed  the  same  vulnerability  to  MPTP  toxicity  in  DA  neurons  just  like  wild  type  mice. 
However,  conditional  mutants  that  express  Cre  recombinase  in  DA  neurons  (TH-IRES- 


4 


Huang,  Eric  MD,  PhD  W8 1XWH-05-2-0094 


Cre)  and  one  or  two  copies  of  the  conditional  allele  (TH-IRES-Cre;R26RHIPK2/+  or  TH- 
IRES-Cre;R26RHIPK2/HIPK2)  showed  a  gene  dosage-dependent  increase  in  neuron  loss  in 
substantia  nigra  (SNpc).  These  results  are  consistent  with  those  from  the  loss  of  function 
analyses  using  Hipk2~!~  mutants,  and  provide  compelling  genetic  evidence  that  HIPK2  is  a 
key  component  in  the  JNK  signaling  pathway  in  mediating  MPTP-induced  cell  death  in 
DA  neurons. 


3.  To  further  investigate  the  underlying  mechanism  of  HIPK2  in  MPTP-induced  cell  death 
of  DA  neurons,  we  have  began  to  perform  a  series  of  biochemical  assays  in  HEK293 
cells  and  SHSY5Y  neuroblastoma  cells.  Our  preliminary  results  indicate  that  HIPK2 
interacts  with  JNK  and  activates  c-Jun  phosphorylation  and  the  transcriptional  activity  of 
c-Jun.  In  addition,  HIPK2  can  also  interact  with  ASK1  and  such  interaction  can  be 
induced  under  stress  conditions. 
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Pilot  Study  8: 

TLR4  Agonists  as  Neuroprotectants  in  Traumatic  Brain  Injury 
Principal  Investigator:  Gary  Jarvis,  Ph.D. 

ABSTRACT 

To  date  more  than  20,000  U.S.  soldiers  have  been  injured  in  the  war  in  Iraq.  The  mortality 
from  injury  has  declined  in  this  war  to  its  lowest  rate  ever  due  to  greater  use  of  body  armor  and 
advances  in  combat  medicine  [1],  The  VA  estimates  that  about  2/3s  of  the  injuries  were  due  to 
blasts  from  homemade  bombs  known  as  Improvised  Explosive  Devices  (IEDs)  [1,  2],  Walter 
Reed  Army  Medical  Center  estimates  that  25%  of  those  injured  by  IEDs  have  traumatic  brain 
injury  (TBI)  [1],  Treatment  of  TBI  focuses  only  on  cardiopulmonary  support,  control  of 
intracranial  pressure  and  bleeding,  and  preventing  complications  [3],  A  drug  with  few  adverse 
side  effects  that  could  be  used  in  the  field  to  reduce  the  secondary  inflammation  and  long-term 
disability  due  to  TBI  would  be  valuable  in  future  conflicts,  especially  for  blast  injuries. 

Overwhelming  evidence  shows  that  injury  or  ischemia  to  the  brain  or  spinal  cord  causes  an 
inflammatory  response  that  further  damages  the  CNS  [4,  5],  Since  there  is  a  period  of  time 
before  this  secondary  damage  occurs,  preventive  therapeutic  intervention  is  feasible.  The 
administration  of  E.  coli  lipopolysaccharide  (LPS)  before,  during,  and  even  after  injury  has  been 
shown  to  reduce  the  extent  of  ischemic,  contusion,  and  other  types  of  neuronal  injury  in  cell 
culture  models  and  in  animal  models  of  CNS  injury.  In  particular,  a  recent  study  of  post-injury 
administration  of  E.  coli  LPS  for  brain  trauma  reported  that  systemic  delivery  2  hr  after  injury  in 
either  of  two  animal  models  significantly  reduced  the  inflammatory  infiltration  of  leukocytes  [6], 
The  activity  of  LPS  is  thought  to  be  due  to  its  binding  to  toll-like  receptor  4  (TLR4),  resulting  in 
NF-  B-mediated  up-regulation  of  the  expression  of  cytokines  TNF  and  IFN  which  have 
been  reported  to  be  critical  mediators  of  neuroprotection  in  these  neuronal  injury  models  [7].  In 
studies  performed  by  our  laboratory  and  others  [8,  9],  LPS  from  Neisseria  induced  higher  levels 
of  TNF  and  IFN  expression  in  monocytic  cells  compared  with  that  from  E.  coli  suggesting 
that  Neisserial  LPS  is  a  more  potent  TLR4  agonist  and  thus  potentially  a  more  potent 
neuroprotectant.  In  this  proposal,  we  will  test  the  hypothesis  that  administration  of  Neisserial 
LPS  post-injury  is  beneficial  for  traumatic  brain  injury  (TBI).  In  addition,  our  studies  will  add  to 
our  understanding  of  TLR4-mediated  responses  in  the  context  of  developing  highly  potent 
neuroprotectants.  We  propose  two  specific  aims: 

1)  To  compare  the  ability  of  Neisserial  and  E.  coli  LPS  to  protect  cultured  neuronal  cells 
using  an  in  vitro  model  of  brain  cell  trauma  with  pre-  and  post-injury  administration. 

2)  To  determine  the  anti-inflammatory  effect  of  Neisserial  and  E.  coli  LPS  administered 
intravenously  (iv)  and  intranasally  (in)  in  a  rat  brain  injury  model,  pre-  and  post-injury. 

The  research  carried  out  to  date  over  the  previous  two  months  has  been  aimed  towards  the 
first  stated  Specific  Aim.  Rodent  C6  glial  cell  cultures  have  been  utilized  while  primary  neuronal 
cortical  cultures  are  being  established.  The  work  carried  out  on  the  C6  cells  has  shown  that  the 
mechanical  scratch  injury  method  does  indeed  result  in  increased  lactate  dehydrodgenase  being 
released  into  the  culture  media  due  to  cell  injury  and  subsequent  death.  Eight  vertical  scratches 
combined  with  8  horizontal  scratches  produces  a  robust  effect  which  can  be  adequately  measured 
using  a  LDH  cytotoxic  assay.  Incubation  of  the  C6  culture  cell  with  meningococcal  strain  891 
LPS  at  a  concentration  of  lOOng/ml  in  both  the  presence  and  absence  of  the  scratch  injury  has 
been  shown  to  result  in  reduced  LDH  release  from  the  cells,  which  is  indicative  of  a  reduction  in 
death  and  injury  in  the  LPS-treated  cells  as  hypothesized. 
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INTRODUCTION 

Traumatic  brain  injury  is  a  serious  medical  issue  that  1-2  million  people  suffer  from  in  the  US 
each  year  with  70-90,000  sustaining  a  long-term  disability  with  very  high  socio-economic  costs 
[4],  Annually  approximately  50,000  people  in  the  U.S.  die  from  TBI  [3],  This  number  does  not 
include  military  personnel  who  have  been  injured  in  the  Iraq  war,  to  date  more  than  20,000  U.S. 
soldiers  have  been  injured.  The  VA  has  estimated  that  approximately  2/3s  of  these  injuries  were 
due  to  blasts  from  homemade  bombs  known  as  Improvised  Explosive  Devices  (IEDs)  [1,  2], 
Walter  Reed  Army  Medical  Center  estimates  that  25%  of  those  injured  by  IEDs  have  suffered  a 
TBI  [1],  Current  treatment  of  traumatic  brain  injury  (TBI)  focuses  on  supporting  vital  functions 
and  controlling  intracranial  pressure.  Thus,  there  is  a  great  need  for  new  efficacious  treatments. 
Injury  to  the  brain  or  spinal  cord  causes  an  inflammatory  response  known  as  secondary  damage 
that  further  damages  the  CNS. 

Administration  of  E.  coli  lipopolysaccharide  (LPS)  before,  during,  and  even  after  injury  has 
been  shown  to  reduce  the  extent  of  ischemic,  contusion,  and  other  types  of  neuronal  injury  in 
both  cell  culture  and  animal  models  of  CNS  injury.  For  treatment  of  trauma,  administration  of  an 
agent  after  the  injury  to  reduce  the  secondary  damage  is  the  most  clinically  relevant  approach.  In 
a  study  of  post-injury  administration  of  LPS,  the  systemic  delivery  of  LPS  either  2  hr  after 
contusion  injury  in  a  rat  model  of  spinal  cord  injury  or  2  hr  after  injection  of  the  brain  injury- 
associated  cytokine  IL-1  into  the  brain  of  rats  significantly  reduced  inflammatory  leukocyte 
infiltration  [6].  We  have  previously  shown  that  Neisseria l  LPSs  from  various  strains  differ  in 
their  ability  to  induce  production  of  inflammatory  cytokines  by  human  monocytic  THP-1  cells 
[10],  and  are  at  present  currently  studying  the  structure/function  relationships  underlying  this 
observation.  In  this  current  proposal,  we  will  test  the  hypothesis  that  post-injury  administration 
of  Neisseria l  LPS  is  beneficial  for  TBI  using  both  a  cell  culture  and  an  animal  model  of  trauma. 
Two  specific  aims  are  proposed: 

1)  To  compare  the  ability  of  Neisserial  and  E.  coli  LPS  to  protect  cultured  neuronal  cells 
using  an  in  vitro  model  of  brain  cell  trauma  with  pre-  and  post- injury  administration. 

2)  To  determine  the  anti-inflammatory  effect  of  Neisserial  and  E.  coli  LPS  administered 
intravenously  (iv)  and  intranasally  (in)  in  a  rat  brain  injury  model 


BODY 

Research  for  this  grant  commenced  in  July  of  2008.  The  first  Specific  Aim  set  out  in  the 
proposal  involved  investigating  and  comparing  the  effect  of  different  LPS  on  cultured  neuronal 
cultures.  Since  generating  primary  neuronal  cultures  is  a  time-consuming  and  lengthy  process,  it 
was  decided  to  initiated  the  development  of  the  scratch  injury  model  (inducing  mechanical 
trauma  to  the  cultures)  using  a  neuronal  cell  line.  To  this  end,  rat  C6  glioma  cells  were  chosen 
and  the  cells  were  cultured  in  6  well  plates  where  they  were  grown  to  confluency.  In  order  to 
assess  the  cytotoxic  effect  of  the  mechanical  trauma,  different  numbers  of  scratches  were  made 
in  each  well  ranging  from  0  (negative  control)  up  to  8  scratches  in  both  horizontal  and  vertical 
directions  before  media  was  replaced  and  the  cells  left  for  a  further  24  hours.  In  addition  to 
investigating  the  cytotoxic  effect  on  the  cells  of  the  scratching,  we  also  investigated  the  effect  of 
the  media  in  which  the  cells  were  cultured  for  24  hours.  Serum  in  the  media,  which  helps 
maintain  healthy  cell  cultures,  is  known  to  contain  innate  lactate  dehydrodgenase  (LDH).  The 
assay  which  we  opted  to  use  to  determine  the  cytotoxic  effect  induced  by  the  scratch  method 
measures  the  amount  of  LDH  released  from  cells  during  the  process  of  cell  death.  Therefore,  it 
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was  imperative  that  the  media  in  which  the  cells  were  cultured  for  the  24-hour  time-period 
following  scratch  injury  had  as  low  of  a  background  LDH  level  as  possible.  The  basic  media 
used  to  culture  the  cells  was  supplemented  with  different  levels  of  sera  (basic  media  alone  was 
not  sufficient  to  maintain  healthy  cells  for  a  24hr  time  period).  The  media  was  enhanced  with 
either  1%  Horse  serum,  1%  Fetal  Bovine  serum  or  with  1%  both  Horse  and  Fetal  Bovine  sera. 
The  results  from  these  experiments  are  shown  in  Figures  1  and  2. 


Figure  1 


Effect  of  Scratch  Number  and  Media  on  LDH  Levels 


4.50 


4.00 


3.50 

u 

(A 

f0 

.2  3.00 

Q) 

tL 

fis  2.50 

-i 

M- 

o 

g  2.00 

o 

o 

1  1-50 

a 

tL 

1.00 


0.50 


0.00 

Negative  1  Scratch  3  Scratches  8  Scratches  Positive 
Control  Control 


1%  both 
■  1%  HS 
1%FBS 


4 


Figure  2 
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Effect  of  Treatment  and  Media  on  LDH  Release 


Treatment  Paradigm 


Note  that  the  media  which  showed  the  least  LDH  reactivity  in  the  negative  control  samples  is 
the  media  containing  1%FBS.  Regarding  the  effect  of  the  scratch  method  on  cytotoxicity,  it  was 
determined  that  the  wells  containing  8  horizontal  and  8  vertical  scratches  resulted  in  the  most 
reproducible  injury  as  judged  by  increased  LDH  release. 

The  successful  development  of  the  rat  C6  glioma  cell  culture  model  allowed  us  to  begin  work 
on  Specific  Aim  1  as  proposed.  Testing  of  the  effect  of  LPS  on  cell  viability  following  injury 
begin  with  treatment  of  confluent  C6  cells  with  lOOng/ml  of  891  LPS.  The  effect  of  the  LPS  was 
investigated  both  in  cells  not  injured  by  scratching  (negative  control)  as  well  as  in  scratched 
(injured)  cells.  The  preliminary  results  of  these  on-going  studies  are  shown  in  Figure  3. 
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Effect  of  LOS  89i  on  Cell  Death 
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Figure  3  demonstrates  that  treatment  of  C6  glioma  cells  with  891  LPS  results  in  protection  of 
the  cells  from  normal  cell  death  mechanisms  as  we  found  significantly  less  cell  death  in  treated 
versus  untreated  cells.  This  neuroprotection  was  even  more  pronounced  following  cell  injury, 
where  it  was  found  that  cultures  incubated  with  891  LPS  showed  a  significantly  lower  level  of 
LDH  in  the  media  compared  to  non-LOS  treated  cells  after  being  subjected  to  the  scratch  injury 
model  of  mechanical  trauma. 

The  graphs  all  shown  above  are  each  representative  of  an  n  of  1.  Therefore  it  is  not  currently 
possible  to  complete  statistical  analysis  on  these  data  sets.  Due  to  these  promising  results  more 
experiments  are  being  carried  out  to  increase  the  n  number. 

The  primary  neuronal  cell  culture  work  has  also  commenced  and  the  technique  used  has 
proven  to  be  successful  to  date,  with  work  investigating  the  different  effects  of  the  LPSs  on  cell 
injury  to  begin  in  the  next  few  weeks. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

•  Established  two  rodent  cell  lines  for  use  for  the  in-vitro  research  (C6  rat  glioma  cells  and 
primary  neuronal  cortical  cultures)  as  well  as  established  the  scratch  injury  model  used  to 
mimic  traumatic  brain  injury  in  cell  cultures. 

•  Set  up  the  Lactate  Dehydrodgenase  Assay  used  to  determine  cytotoxic  cell  death. 

•  Determined  that  891  LPS  is  neuroprotective  against  cellular  death  following  scratch 
injury  of  C6  rat  glioma  cells. 


REPORTABLE  OUTCOMES 

The  reportable  outcomes  from  the  work  which  commenced  in  July  2008  are: 

•  Establishment  of  both  the  Rat  Glioma  C6  cell  line  as  well  as  successful  culture  of 
rodent  primary  neuronal  cultures  from  postnatal  1 -day-old  rat  pups. 


CONCLUSIONS 

The  research  that  has  been  carried  out  in  our  laboratory  shows  that  when  891  LPS  at  a  dose  of 
lOOng/ml  is  administered  to  injured  as  well  as  non-injured  C6  rat  glioma  cell  cultures  there  is  a 
significant  reduction  in  lactate  dehydrogenase  released  from  the  cells  into  the  media.  This 
suggests  that  the  LPS  is  acting  as  a  neuroprotectant  in  this  rat  glioma  culture  model.  This  was 
hypothesized  by  our  laboratory  and  was  part  of  our  first  Specific  Aim.  The  next  stage  in  the 
research  is  to  determine  the  effect  of  the  other  LPS’s  (as  stated  in  the  proposal)  on  cytotoxic  cell 
death  in  both  the  C6  rat  glioma  cell  line  and  in  primary  rodent  cortical  neurons.  Successful 
culture  of  the  primary  neurons  has  occurred  and  the  cell  line  is  currently  being  investigated. 
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Pilot  Study  9: 

Biomimetic  Scaffolds  with  Aligned  Nanofibers  for  the  Treatment  of  Segmental 
Nerve  Injuries 

Principle  Investigator:  Hubert  Kim,  M.D.,  Ph.D. 


ABSTRACT 

A  majority  of  combat  related  injuries  involve  penetrating  trauma  to  the  extremities  (Patel 
el  al,  Ramalingam  2004).  These  injuries  are  frequently  associated  with  peripheral  nerve  damage 
and  segmental  loss  of  neural  tissue.  At  present,  the  best  available  treatment  for  segmental 
peripheral  nerve  injuries  is  nerve  autografting.  However,  in  the  setting  of  battlefield  injuries, 
sufficient  nerve  grafts  may  not  be  available.  This  surgical  procedure  is  also  associated  with 
substantial  donor  site  morbidity,  and  inconsistent  clinical  results.  Biodegradable  polymers  can  be 
useful  scaffold  materials  for  tissue  repair  and  regeneration,  and  there  is  growing  interest  in  their 
use  for  the  treatment  of  nerve  injuries.  However,  polymer  scaffolds  alone  do  not  provide  an 
acceptable  environment  for  nerve  repair  and  regeneration.  The  optimal  environment  also  requires 
the  presence  of  mechanical  and  chemical  signals  that  direct  and  enhance  neurite  extension  across 
the  gap  (Stoll  et  al.  1999).  We  hypothesized  that  combining  aligned  nanofiber  scaffolds  with 
adhesion  and  growth  factors  can  provide  a  superior  conduit  for  nerve  repair  and  regeneration.  To 
test  this  hypothesis,  we  synthesized  electrospun  biodegradable  polymer  nanofibers  that  mimic 
normal  extracellular  matrix  (ECM)  structure.  We  first  tested  the  effect  of  nerve  growth  factor 
(NGF),  Arg-Gly-Asp  (RGD)  peptides  and  other  neurotropic  factors  on  neurite  growth  of  dorsal 
root  ganglion  explanted  onto  nanofiber  scaffolds.  The  DRGs  cultured  on  aligned  nanofiber 
scaffolds  had  significantly  longer  neurite  growth  than  those  cultured  on  non-aligned  nanofiber 
scaffolds.  We  also  found  that  neurite  outgrowth  of  DRGs  was  greatly  enhanced  by  soluble  NGF 
on  aligned  nanofiber  scaffold.  The  effect  of  RGD  was  tested  using  fibronectin,  an  RGD  peptide 
containing  ECM  protein.  Fibronectin  was  found  to  be  a  potent  promoter  of  neurite  growth  on 
nanofiber  scaffolds,  which  is  significant  when  considering  that  no  other  factor  tested  had  activity 
close  to  NGF.  These  data  validate  the  hypothesis  that  NGF  and  RGD  both  promote  significantly 
enhanced  neurite  outgrowth  on  aligned  nanofiber  scaffolds,  and  lay  the  foundation  for  in  vivo 
studies  planned  for  year  2.  In  year  2,  these  conduits  will  be  tested  in  a  rat  segmental  sciatic 
nerve  injury  model  and  evaluated  for  their  ability  to  enhance  nerve  repair/regeneration.  If 
successful,  this  technology  would  provide  a  superior  alternative  to  conventional  nerve  autografts 
for  bridging  peripheral  nerve  defects. 
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INTRODUCTION 

At  present,  the  best  available  treatment  for  segmental  peripheral  nerve  injuries  is  nerve 
autografting.  Major  problems  with  this  surgical  technique  include  limited  graft  availability, 
donor  site  morbidity,  and  inconsistent  clinical  results.  Biodegradable  polymers  can  be  useful 
scaffold  materials  for  tissue  repair  and  regeneration,  and  there  is  growing  interest  in  their  use  for 
the  treatment  of  nerve  injuries.  However,  polymer  scaffolds  alone  do  not  provide  an  acceptable 
environment  for  nerve  repair  and  regeneration.  The  optimal  environment  also  requires  the 
presence  of  mechanical  and  chemical  signals  that  direct  and  enhance  neurite  extension  across  the 
gap  (Stoll  et  al.  1999).  We  hypothesize  that  combining  aligned  nano  fiber  scaffolds  with  adhesion 
and  growth  factors  can  produce  a  superior  conduit  for  nerve  repair  and  regeneration.  To  test  this 
hypothesis,  we  will  synthesize  electrospun  biodegradable  polymer  nanofibers  that  mimic  normal 
extracellular  matrix  (ECM)  structure.  Arg-Gly-Asp  (RGD)  peptides  and  nerve  growth  factor 
(NGF)  will  then  be  coupled  to  the  nanofiber  scaffold.  We  propose  to  test  two  specific 
hypotheses: 

1 .  Biomimetic  scaffolds  will  enhance  Schwann  cell  function  and  dorsal  root  ganglion  (DRG) 
axon  outgrowth  in  vitro. 

2.  Biomimetic  scaffolds  will  improve  nerve  repair  and  regeneration  in  vivo. 


BODY 

E.O.  Procedures  Common  to  Specific  Aims  1  and  2 

E.0. 1  Fabrication  of  Scaffolds  with  Aligned  Nanofibers 

As  previously  described  in  our  proposal,  biodegradable  polylactic  acid  (PLA;  20,000  Da- 
600,000  Da)  was  used  to  fabricate  nanofibrous  scaffolds  by  multiple-jet  electrospinning 
technology  (Zong  et  al.,  2002).  The  voltage,  flow  rate  and  polymer  concentration  was  modulated 
to  control  the  deposition  and  formation  of  the  electrospun  polymer  scaffold.  Nanofibers  were 
selectively  oriented  in  either  random  (non-aligned)  or  longitudinal  (aligned)  direction. 
Longitudinal  alignment  was  achieved  by  stretching  the  electrospun  scaffolds  at  60  °C  with  a 
modified  Instron  4400  tensile  stretching  apparatus,  to  yield  a  stretch  ratio  of  200%. 

To  endow  bioactivity  to  the  surface  of  nanofiber  scaffolds,  we  had  proposed  to  create  a 
covalent  bond  between  the  carboxylic  group  on  the  PLA  chains  and  the  primary  amine  group  of 
RGD  peptide  or  at  the  N-terminus  of  the  NGF  using  carbodiimide  chemistry.  Just  recently,  we 
successfully  synthesized  scaffolds  with  covalently  bound  RGD  and  have  begun  experiments  with 
these  scaffolds.  In  order  to  test  bioactivity  of  RGD  on  the  scaffolds  in  the  interim  period,  we 
coated  nanofiber  scaffolds  with  fibronectin,  an  ECM  protein  that  uses  the  RGD  tripeptide  to 
interact  with  integrins.  Due  to  technical  difficulties  in  covalent  conjugation  of  NGF  to  the  PLA 
chains,  we  are  currently  exploring  alternative  methods  of  immobilization  of  NGF.  NGFs  are 
known  to  possess  low  affinity  binding  to  heparin,  thus  we  fabricated  heparin-bound  nanofibers  to 
immobilize  NGF.  This  strategy  has  been  successfully  used  to  immobilize  other  bioactive  factors 
such  as  FGFs  and  laminin  (Patel  et  al.,  2007). 
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E.l.  Specific  Aim  1:  To  test  the  hypothesis  that  biomimetic  scaffolds  will  enhance  Schwann 
cell  function  and  dorsal  root  ganglia  (DRG)  axon  outgrowth  in  vitro. 


El  .1-3.  Effects  of  Biomimetic  Nanofiber  Scaffolds  on  Schwann  Cell  and  DRG  Axon  Growth 


Doral  root  ganglia  explants  were  harvested  from  CD-I  mouse  pups  (P5)  and  cultured  on 
nanofiber  scaffolds  for  three  days.  The  previously  proposed  culture  period  of  five  days  was 
reduced  to  three  days  after  determining  that  the  magnitude  of  growth  after  three  days  in  culture 
was  sufficient  for  analysis.  DRG  explants  were  cultured  in  basic  media  plus  NGF,  Fibronectin  or 
heparin-activated  scaffold  surface  and  combinations  of  the  previous  treatments.  Neurite  growths 
from  15  to  20  DRG  explants  were  tested  for  each  treatment  group.  The  degree  of  neurite 
outgrowth  was  quantified  by  a  morphometric  analysis  of  DRG  cultures  after  staining  with 
(1 : 100)  Alexa  Fluor  Phalloidin-488.  The  originally  proposed  visualization  method  of 
neurofilament  immunostaining  was  switched  to  Phalloidin-488  for  its  higher  fluorescence  signal 
after  confirming  its  co-localization  with  neurofilament-H  and  neurofilament-M  immunostaining 
(supplement  fig.  1).  Images  were  captured  at  2.5x  at  12-megapixel  resolution  (Zeiss).  The 
amount  of  neurite  growth  was  measured  from  the  edge  of  the  DRG  (to  control  for  variations  in 
DRG  size)  to  the  edge  of  the  longest  axon  in  pixels  using  Photoshop  (Adobe,  CA). 

Measurements  in  pixels  were  converted  to  micrometers,  and  expressed  as  mean  ±sem.  Statistical 
significance  of  the  values  of  different  treatments  was  determined  by  two-tailed  unpaired 
Student’s  t  test. 

The  effect  of  nanofiber  orientation  on  DRG  neurite  growth  was  first  tested.  These 
particular  experiments  were  done  on  E14.5  DRGs  before  the  harvesting  techniques  for  pup 
DRGs  were  mastered.  We  found  that  embryonic  DRGs  are  highly  dependent  on  NGF  for 
survival  and  growth,  as  embryonic  DRGs  grown  without  any  NGF  had  minimal  neurite 
growth(supplement  Fig.  2).  Neurite  growth  on  random  versus  aligned  nanofiber  scaffolds  were 
compared  at  two  sets  of  NGF  concentrations  (5  ng/ml  and  10  ng/ml).  DRGs  cultured  on  aligned 
nanofibers  exhibited  bipolar  neurite  extensions  with  parallel  alignment  to  the  nanofibers  that 
closely  resembled  neurite  outgrowth  from  DRG  tissue  in  vivo.  In  contrast,  DRGs  grown  on 
random  nanofibers  had  unorganized  neurite  extensions  that  radiated  in  all  directions  from  the 
DRG  tissues  (Fig.  1A,  IB).  The  DRGs  cultured  on  aligned  nano  fiber  scaffolds  also  had 
significantly  longer  neurite  growth  than  those  cultured  on  non-aligned  nanofiber  scaffolds  by  an 
average  increase  of  27.3%  in  5  ng/ml  of  NGF  and  26.7%  in  10  ng/ml  of  NGF  (p<0.05).  Notably, 
neurite  growth  on  aligned  scaffolds  in  5ng/ml  of  NGF  was  longer  than  neurite  growth  on  non- 
aligned  nanofiber  in  10  ng/ml  of  NGF  by  an  average  increase  of  13.5%  (Fig.  1C  **,  p<0.05). 
Co-staining  experiments  verified  that  Schwann  cell  migration  mirrored  neurite  outgrowth  results 
(supplement  fig.  1).  The  differences  in  length  of  growth  measured  in  these  conditions  were  all 
statistically  significant.  These  data  indicate  that  compared  to  non-aligned  nanofiber  scaffolds, 
aligned  nanofiber  scaffolds  not  only  provide  directional  guidance  to  growing  neurites  but  also 
support  marked  enhancement  of  neurite  outgrowth. 

We  then  characterized  neurite  outgrowth  of  P5  DRGs  in  response  to  increasing  doses  of 
soluble  NGF  on  aligned  nanofiber  scaffolds.  A  clear  dose  response  of  neurite  growth  to  NGF 
was  observed  (Fig.  2).  DRGs  cultured  in  basic  media  in  the  absence  of  NGF  had  an  average 
neurite  outgrowth  of  666.35pm  ±57.85.  In  presence  of  1  ng/ml  of  NGF,  neurite  growth  was 
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increased  to  935.18  pm  ±60.34,  with  statistically  significant  increases  in  growth  up  to  1284.12 
pm  ±59.88  at  10  ng/ml  of  NGF  (Fig.  2). 

To  further  probe  the  effects  of  growth  factors  on  DRG  neurite  outgrowth,  we  tested 
whether  or  not  the  presence  of  another  potential  neurotrophic  factor  with  NGF  yields  an  additive 
effect  on  neurite  outgrowth.  The  growth  factors  tested  were  Neurotrophin-3  (NT-3;  Chemicon, 
CA),  Neurotrophin-4  (NT-4;  Chemicon,  CA),  Brain-derived  Neurotrophic  Factor  (BDNF; 
Abeam  Inc.,  MA),  Acidic  Fibroblast  Growth  Factor  (Fgf-1;  PeproTech,  NJ)  and  Basic  Fibroblast 
Growth  Factor  (FGF-2;  Biosource,  CA).  Results  showed  only  a  marginal  increase  of  11.2%  in 
neurite  growth  upon  addition  of  0.5  pg/ml  of  BDNF  (Fig.  3,  p<0.05).  No  statistically  significant 
increases  in  neurite  outgrowth  were  detected  upon  addition  of  other  growth  factors  (Fig.  3, 
p<0.05).  Our  findings  are  in  agreement  with  recent  studies  on  the  neurotrophic  effect  of  NGF 
(Kapur  et  al.  2004),  and  have  shown  for  the  first  time  that  NGF  can  be  a  potent  promoter  of 
neurite  growth  on  PLA  nanofiber  scaffolds. 

To  determine  the  effect  of  fibronectin  on  DRG  neurite  outgrowth,  fibronectin  (Sigma, 
MO)  from  mouse  plasma  was  coated  onto  aligned  nanofiber  scaffolds  at  four  different 
concentrations  (0.05,  0.5,  5.0  and  50  pg/ml).  P5  DRGs  were  cultured  on  coated  scaffolds  in 
media  containing  1  ng/ml  of  NGF.  A  clear  dose  response  of  neurite  growth  to  fibronectin  was 
observed  (Fig.  4,  p<0.05).  Neurite  growth  on  fibronectin-coated  aligned  scaffolds  was 
significantly  higher  than  on  uncoated  aligned  scaffolds.  Neurite  growth  was  increased  by  20.8% 
at  0.05pg/ml  of  fibronectin,  33.0  %  at  5.0  pg/ml  and  57.1%  at  50  pg/ml  of  fibronectin  (Fig.  4, 
p<0.05).  Notably,  neurite  growth  on  even  low  concentrations  of  fibronectin-coated  scaffolds 
showed  equivalent  or  greater  growth  as  compared  to  uncoated  scaffolds  with  high  NGF 
concentrations  (Fig.  4).  This  observation  suggests  that  fibronectin  is  a  potent  promoter  of  neurite 
growth,  which  is  significant  when  considering  that  no  other  factor  tested  had  activity  close  to 
NGF.  We  postulate  that  the  enhanced  neurite  extensions  were  promoted  by  integrin-fibronectin 
(FN)  interactions  through  the  integrin-binding  site  that  consists  of  RGD  (Kokkoli  et  al,  2008). 
We  will  next  test  the  specific  effects  of  RGD-conjugated  nanofiber  scaffolds  on  neurite  growth 
rate. 


As  previously  described,  heparin-conjugated  nanofiber  scaffolds  were  initially  tested  as 
an  alternative  approach  to  immobilize  biochemical  cues  onto  the  scaffold  surface.  We  tested 
whether  heparin-conjugated  aligned  nanofibers  can  bind  and  immobilize  NGF  and  promote 
greater  neurite  growth  as  compared  to  plain  aligned  nanofibers.  Heparin  (Sigma,  MO)  molecules 
were  covalently  attached  to  the  free  amines  of  the  di-NH2-PEG  molecules  on  PLA  nanofibers 
via  EDC  and  sulfo-NHS.  Any  remaining  reactive  sites  on  the  nanofibrous  scaffolds  were  blocked 
by  incubating  the  samples  in  10  %  w/v  glycine  in  phosphate-buffered  solution  (PBS).  Then,  both 
heparin-conjugated  nanofiber  membranes  and  plain-aligned  nanofiber  membranes  were 
incubated  with  NGF  to  allow  for  binding.  Membranes  were  lightly  washed  in  PBS  solution  and 
P5  DRGs  were  explanted. 

Results  showed  that  heparin-conjugated  nanofibers  do  not  provide  superior  neurite 
growth  as  compared  to  plain-aligned  nanofibers  when  pre-incubated  with  the  same  dose  of  NGF. 
Both  heparin-conjugated  nanofibers  and  unconjugated  nanofibers  supported  similar  but  marginal 
increases  in  neurite  growth  when  pre-incubated  at  progressively  higher  concentrations  of  NGF 
(Fig.  5).  In  addition,  neurite  growth  in  control  conditions  (0  ng/ml  NGF)  was  significantly  lower 
on  heparin-conjugated  nanofibers  than  on  plain-aligned  nanofibers  by  an  average  decrease  of 
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42.9%.  Similar  findings  were  demonstrated  in  our  preliminary  experiments  that  compared  E14.5 
DRG  neurite  growth  on  heparin-conjuated  aligned  nanofibers  versus  plain-aligned  nanofibers  in 
soluble  NGF  (supplemental  Fig.  2).  These  results  suggest  that  the  addition  of  heparin  onto 
nanofiber  scaffolds  may  have  adverse  effects  on  neurite  outgrowth,  although  decreased  growth 
rate  can  be  compensated  for  by  sufficient  NGF  stimulation.  Currently,  we  are  exploring  other 
alternative  methods  of  NGF  immobilization  to  the  scaffold  surface.  We  are  considering  coupling 
biotinylated-NGF  protein  to  an  avidin-conjugated  scaffold  surface.  Another  possibility  is  the  use 
of  NGF  containing  hydrogels  or  fibrin  gels  as  a  coating  for  nano  fiber  scaffold  surfaces. 

E.2.  Specific  Aim  2:  To  test  the  hypothesis  that  biomimetic  nerve  scaffolds  will  improve 
nerve  repair  and  regeneration  in  vivo. 

As  previously  mentioned,  we  are  in  the  process  of  optimizing  conjugation  strategies  for 
RGD  peptide  and  NGF  to  aligned  nanofiber  scaffolds.  RGD  peptide  will  be  conjugated  to  the 
scaffold  surface  by  using  carbodiimide  chemistry  as  originally  proposed,  and  several  alternative 
methods  for  NGF  immobilization  will  be  explored  as  previously  described.  In  year  2,  nerve 
conduits  coupled  with  RGD-peptide  and  NGF  protein  will  be  tested  in  a  rat  segmental  sciatic 
nerve  injury  model  and  evaluated  for  their  ability  to  enhance  nerve  repair  and  regeneration.  The 
surgical  procedure  for  the  implantation  of  nerve  conduits  has  been  optimized  for  our 
experiments.  We  have  also  established  the  use  of  CatWalk  analysis(Noldus,  VA)  to  assess 
functional  recovery  of  the  sciatic  nerve  which  evaluates  locomotor  deficits  and  gait  adaptations 
in  voluntarily  walking  rats.  Nerve  conduction  studies  and  electromyography  studies  will  also  be 
performed  as  part  of  the  functional  assessment  of  recovery. 


KEY  RESEARCH  ACCOMPLISHMENTS  AND  FINDINGS: 

•  Assay  conditions  for  in  vitro  analysis  of  bioactive  nanofiber  scaffolds,  including  “in 
house”  isolation  of  DRGs  used  for  testing,  have  been  optimize.  Results  of  these  assays 
are  now  both  highly  consistent  and  reproducible. 

•  Aligned  nanofiber  scaffolds  provide  exceptional  directional  guidance  to  DRG  neurite 
extensions  while  non-aligned  nanofiber  scaffolds  do  not. 

•  Aligned  nanofiber  scaffolds  promote  significantly  enhanced  DRG  neurite  outgrowth 
compared  to  non-aligned  nanofiber  scaffolds. 

•  Nerve  Growth  Factor  (NGF)  is  a  potent  promoter  of  DRG  neurite  outgrowth  on  aligned 
nanofiber  scaffolds. 

•  Fibronectin  (RGD  peptide  surrogate)  coating  of  aligned  nanofiber  scaffolds  significantly 
enhances  DRG  neurite  outgrowth. 

•  NT-3,  NT-4,  FGF-1,  FGF-2  do  not  enhance  DRG  outgrowth  on  nanofiber  scaffolds. 
BDNF  had  a  small,  but  significant,  effect  on  DRG  outgrowth  on  nanofiber  scaffolds.  Of 
known  neurotrophic  factors,  only  NGF  and  fibronectin  (RGD)  were  shown  to  be  strong 
promoters  of  neurite  outgrowth  in  our  system. 

•  Heparin  bound  to  nanofiber  scaffolds  has  an  unanticipated  negative  effect  on  DRG 
neurite  outgrowth,  precluding  heparin  affinity  binding  as  a  strategy  for  NGF 
immobilization. 
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REPORTABLE  OUTCOMES 

Shin  B,  Dang  AC,  Lee  DJ,  Weng  K,  Wang  A,  Li  S,  Kim  HT.  Enhanced  DRG  neurite  outgrowth 
with  aligned  nanofiber  scaffolds  and  neurotropins.  Submitted  to  55th  Annual  Meeting  of  the 
Orthopaedic  Research  Society.  August  18,  2008. 


CONCLUSION 

From  our  initial  work,  we  have  learned  much  about  the  response  of  DRGs  to  bioactive  factors  in 
conjunction  with  nanofiber  scaffolds  in  vitro.  We  have  shown  the  advantage  of  using  aligned 
nanofiber  scaffolds  for  unilateral  directional  guidance  and  enhanced  neurite  outgrowth.  We  have 
also  shown  that  the  use  of  additional  biological  factors  can  greatly  increase  the  amount  of  neurite 
outgrowth  from  DRGs  planted  onto  nanofiber  scaffolds.  Furthermore,  we  have  identified  NGF 
and  RGD,  out  of  six  factors  tested,  as  the  most  potent  promoters  of  neurite  outgrowth  on 
nanofiber  scaffolds.  Taken  together,  we  have  shown  that  the  combination  of  aligned  nanofiber 
scaffolds  with  adhesion  and  growth  factors  does  provide  a  superior  conduit  for  neuronal  growth 
in  vitro ,  as  we  had  hypothesized.  This  is  important  because  it  establishes  a  framework  for 
understanding  what  factors  are  important  for  nerve  regeneration  when  using  synthetic  conduits. 
This  information  will  be  critical  in  directing  the  construction  of  nanofiber  scaffold  conduits  for 
use  in  our  in  vivo  studies,  which  will  begin  shortly.  A  key  challenge  will  be  to  find  an  alternative 
strategy  to  conjugate/deliver  NGF,  as  two  initial  coupling  strategies  have  been  unsuccessful.  If 
we  are  able  to  develop  a  conduit  that  has  superior  or  even  comparable  results  to  nerve  autografts, 
then  this  will  be  of  great  benefit  to  patients  with  segmental  nerve  defects. 
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DRG  Neurite  Growth  on  Random  vs  Aligned  Nanofiber  Scaffolds 

* 


Random  NGF  Aligned  NGF  Random  NGF  Aligned  NGF 

5ng/ml  5ng/ml  lOng/ml  lOng/ml 

*,**  p  <  0.05 

(A,  B)  Phalloidin-FITC  stain  of  DRG  (in  NGF  5ng/ml)  grown  on  non-aligned  and  aligned 
nanofibers,  respectively.  (C)  Comparison  of  neurite  growth  on  non-aligned  vs.  aligned 
nano  fibers  at  NGF  concentrations  of  5  and  10  ng/ml.  Error  bars  represent  s.e.m. 


Figure  2. 
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*  P  <  0.05 


Comparison  of  neurite  growth  with  increasing  concentration  of  NGF.  A  significant  dose 
response  of  neurite  growth  to  NGF  is  shown. 


8 


Kim,  Hubert  MD,  PhD  W8 1XWH-05-2-0094 


Figure  3. 


DRG  Neurite  Growth  in  NGF  1ng/ml  +  Other  Growth  Factors 
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*  p  <  0.05 


Comparison  of  neurite  growth  in  combination  of  NGF  1  ng/ml  and  an  additional  growth 
factor  vs.  NGF  lng/ml  alone. 


Figure  4. 

Effects  of  Fibronectin-Coating  on  DRG  Neurite  Growth 
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*  P  <  0.05  compared  to  all  conditions  shown. 


Ngf  10 
ng/ml 


Comparison  of  neurite  growth  on  fibronectin-coated  nanofibers  in  NGF  lng/ml  vs. 
neurited  growth  in  different  concentrations  of  NGF  alone.  A  significant  dose  response  to 
Fibronectin-coating  is  observed.  Neurite  growth  on  fibronectin-coated  nanofibers  at  and  above 
0.5  |ig/ml  is  significantly  greater  than  growth  in  NGF  concentration  of  1.0,  5.0  and  10.0  ng/ml 
alone. 


Figure  5. 
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Ngf  Retainment  on  Hep-AL  vs  Plain-AL 
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Comparison  of  neurite  growth  on  Heparin-conjugated  aligned  nanofibers  and  plain- 
aligned  nanofibers  after  pre-incubation  with  NGF.  Heparin-conjugation  to  nanofibers  does 
not  yield  higher  neurite  growth  than  plain-aligned  nanofibers. 


APPENDICES 


Supplemental  Figure  1. 


Co-localization  of  Neurofilament  -M  immunostain  and  Alexa  488-Phalloidin  stain  on  P5 
DRGs  cultured  on  aligned  nanofiber  scaffolds  in  10  ng/ml  of  NGF. 

(A)  Immunostaining  of  Neurofilament-M  (rabbit,  Santa  Cruz,  Inc.)  (B)  Alexa  488-Phalloidin 
stain.  (C)  DAPI  stain.  (D)  Overlay  of  all  three  channels  594,  488  and  258nm. 

Supplemental  Figure  2. 
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Dose  Response  of  El 4.5  DRG  Neurite  Growth  to  NGF 

* 


NGF  Ong/ml  NGF  Ing/ml  NGF  2.5ng/ml  NGF  5ng/ml  NGF  lOng/ml 

p  <  0.05 


Comparison  of  embryonic  (E14.5)  DRG  neurite  growth  with  increasing  concentration  of 
NGF.  E14.5  DRGs  showed  little  to  no  growth  in  the  absence  of  NGF.  In  presence  of  1  g/ml  of 
NGF,  neurite  growth  was  increased  to  1 429.69pg/ml  ±57.49  (91.5  %)  with  statistically 
significant  increase  in  growth  up  to  5  ng/ml  of  NGF. 


Supplemental  Figure  3. 

E  14.5  DRG  Neurite  Dose  Response  to  NGF  on  Aligned  vs  Heparin-Aligned 


NGF  Ing/ml  NGF  2.5  ng/ml  NGF  5  ng/ml  NGF  10  ng/ml 


Comparison  of  embryonic  (E14.5)  neurite  growth  on  Heparin-conjugated  aligned 
nanofiber  scaffolds  vs.  plain-aligned  nanofiber  scaffolds  in  soluble  NGF.  Neurite  growth  on 
Heparin-conjugated  aligned  nanofibers  is  significantly  compromised  at  every  concentration  of 
NGF  tested. 
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Pilot  Study  10: 

Biological  Pathways  Expressed  in  PTSD 


Principal  Investigator:  Thomas  C.  Neylan,  M.D.  Associate  Prof.  UCSF 


ABSTRACT 

Posttraumatic  Stress  Disorder  (PTSD)  is  presently  diagnosed  with  a  constellation  of  clinical 
symptoms  with  no  consistent  marker  of  disease  or  pathogenic  mechanism  identified.  The  recent 
development  of  gene  microarray  technology  has  created  the  potential  to  identify  novel  pathways 
involved  in  the  biology  of  PTSD  which  may  lead  to  more  targeted  treatments.  We  have  shown  in 
preliminary  experiments  that  PTSD  is  associated  with  a  differential  gene  expression  profile  in 
immune  reactive  peripheral  monocytes.  Furthermore,  genes  that  were  significantly  regulated 
were  members  of  gene  categories  (e.g.  gene  ontologies)  related  to  neurophysiological  processes 
including  dopamine  and  neurotransmitter  metabolism,  oxidative  stress  and  neuropeptide 
signaling  pathways.  This  data  was  collected  from  subjects  with  PTSD  and  controls  that  were 
well-characterized  medication-free  and  age-matched  controls.  It  is  our  overall  hypothesis  that 
subjects  with  chronic  PTSD  will  have  an  altered  expression  of  gene  ontologies  and  proteins 
implicated  in  the  regulation  of  brain  function  that  are  also  expressed  and  detectable  in  peripheral 
monocytes.  Our  Specific  Aims  are  1)  to  determine  monocyte  gene  expression  profiles  on  male 
subjects  with  a  clinical  definition  of  PTSD  compared  to  age  matched  trauma  exposed  male 
controls;  2)  to  verify  the  profile  using  qPCR  (quanitative  real-time  PCR)  and  confirm  protein 
expression  by  Western  blotting.  This  study  will  recruit  trauma  exposed  males  with  (N=  25)  and 
without  (N=  25)  PTSD.  This  proposal  involves  a  collaboration  of  2  different  laboratories  focused 
on  PTSD  and  neuroimmunology/molecular  biology  using  new  basic  science  technology  and 
rigorous  clinical  parameters  to  clarify  the  biology  of  PTSD  and  reveal  important  information  for 
diagnostic  and  treatment  purposes.  It  is  anticipated  that  500,000  Americans  will  serve  in 
Afghanistan  and  Iraq  and  recent  reports  estimate  a  prevalence  of  PTSD  in  10-20%  of  men  and 
women  returning  from  service  in  Iran.  There  is  a  compelling  need  to  understand  the  biological 
pathways  related  to  PTSD  and  understand  the  pathogenesis  of  the  disorder  to  develop  more 
specific  and  effective  treatments. 
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INTRODUCTION 

The  purpose  of  the  study  is  to  identify  biological  pathways  involved  in  the  biology  of  PTSD.  The 
study  will  test  the  hypothesis  that  subjects  with  chronic  PTSD  have  an  altered  expression  of  gene 
ontologies  and  proteins  that  are  expressed  and  detectable  in  peripheral  blood  mononuclear  cells 
(PBMCs). 

Our  Specific  Aims  are: 

1) To  determine  monocyte  gene  expression  profiles  on  male  subjects  with  a  clinical  definition  of 
PTSD  compared  to  age  matched  male  controls  who  have  experienced  a  traumatic  life  event. 

2) To  verify  the  profile  using  qPCR  (quantitative  real-time  polymerase  chain  reaction)  and 
confirm  protein  expression  by  Western  blotting. 

Hypothesis  1:  Subjects  with  chronic  PTSD  will  have  an  altered  expression  of  gene  ontologies 
and  proteins  implicated  in  the  regulation  of  brain  function  that  are  also  expressed  and  detectable 
in  peripheral  monocytes. 

Hypothesis  2:  Subjects  with  chronic  PTSD  will  have  an  altered  expression  of  gene  ontologies, 
proteins  (cytokines)  associated  with  inflammation. 

This  study  uses  a  case  control  design  involving  males  with  and  without  PTSD,  ages  20-50,  who 
will  be  recruited  from  a  variety  of  different  locations.  Patients  will  be  clinically  assessed  for 
inclusion  exclusion  criteria,  have  a  screening  laboratory  blood  draw,  and  will  return  for  a  second 
blood  draw  to  compare  group  differences  in  expression  of  gene  ontologies  and  proteins 
implicated  in  the  regulation  of  brain  and  immune  function  that  are  expressed  and  detectable  in 
peripheral  blood  mononuclear  cells  (PBMCs). 

This  proposal  involves  a  collaboration  of  2  different  laboratories  focused  on  PTSD  and 
neuroimmunology/molecular  biology  using  new  basic  science  technology  and  rigorous  clinical 
parameters  to  clarify  the  biology  of  PTSD  and  reveal  important  information  for  diagnostic  and 
treatment  purposes. 
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BODY 

This  study  was  initiated  September  1,  2007.  To  date  we  have  consented  and  assessed  29  potential 
participants,  five  were  ruled  out  for  not  meeting  eligibility  criteria,  and  24  were  enrolled  and 
completed  the  study  (15  PTSD+  and  9  Controls).  We  have  revised  our  subject  selection  criteria 
to  expand  enrollment  beyond  OEF/OIF  combat  veterans,  thus  to  allow  us  to  enroll  both  veteran 
and  civilian  males  with  and  with  out  PTSD  who  have  experienced  a  traumatic  life  event.  This 
modification  request  was  submitted  to  the  IRB  for  review  and  received  approval  on  July  2,  2008. 


PLAN  FOR  NEXT  YEAR 

Continue  to  actively  recruit  and  enroll  males  with  and  without  PTSD  and  conduct  the  microarray 
analysis,  gene  ontology  analysis,  qPCR  analysis,  and  western  Blot  analysis.  Upon  meeting  out 
enrollment  goals  we  will  proceed  to  data  analysis  &  manuscript  preparation 


KEY  RESEARCH  ACCOMPLISHMENTS 

As  we  proceed  into  the  second  year  of  the  study  we  continue  to  recruit  and  enroll  participants. 
The  data  analysis  phase  has  not  started,  thus  there  are  no  results  to  report  to  date. 


REPORTABLE  OUTCOMES 

This  congressional  project/program  titled,  “Biological  Pathways  Expressed  in  PTSD,”  was 
selected  to  be  reviewed  at  the  Behavioral  Health/PTSD  Telemental  Health  Product  Line  Review 
(PLR)  held  on  Tuesday,  July  8,  2008  in  Frederick,  MD  at  the  Momingside  Inn.  Dr.  Thomas 
Neylan  attended  the  PLR  meeting  and  presented  to  the  review  panel. 


CONCLUSION 

The  implications  of  this  research  project  are  currently  not  known  because  we  are  still  acquiring 
data. 


REFERENCES 

N/A 


APPENDICES 

N/A. 


SUPPORTING  DATA 

N/A 
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Pilot  Study  11: 

Parkinsonism  as  Model  to  Detect  Neurodegeneration  by  High  Field  MRI 


Principal  Investigator:  Norbert  Schuff,  Ph.D. 


ABSTRACT 

This  is  an  annual  progress  report  on  this  research  project,  which  is  funded  froml/18/7  to  1/17/9 
to  identify  imaging  markers  of  Parkinson’s  disease.  The  exact  cause  of  Parkinson’s  Disease  (PD) 
is  still  unknown,  but  there  is  increasing  evidence  that  exposure  to  environmental  toxins  that  can 
include  nerve  agents,  pesticides,  and  herbicides  as  well  as  traumatic  brain  injury,  can  play  a 
major  role  in  the  pathophysiology  of  PD.  The  main  goal  of  this  project  is  to  accurately  diagnose 
PD  with  the  use  of  two  novel  MRI  methods:  1)  susceptibility  weighted  imaging  (SWI),  which 
can  indirectly  measure  brain  iron,  a  key  player  in  the  etiology  of  PD  and  2)  diffusion  tensor 
imaging  (DTI),  which  can  detect  subtle  ultrastructural  changes  in  brain  tissue,  such  as 
disintegration  of  white  matter  fibers.  Since  the  sensitivity  of  both  SWI  and  DTI  increases 
considerably  with  higher  magnet  field  strength,  the  study  will  be  conducted  at  4  Tesla.  The  study 
is  designed  to  test  the  following  main  hypotheses:  1)  High  field  strength  MRI  can  distinguish 
patients  with  PD  from  controls  by  increased  phase  evolution  on  SWI  in  the  substantia  nigra  pars 
compacta  and  the  striatum,  reflecting  increased  iron  deposition  in  these  regions.  2)  High  field 
strength  MRI  can  distinguish  patients  with  PD  from  controls  by  decreased  directionality  of  brain 
water  diffusion  on  DTI  in  nigrostriatal  and  corticostriatal  fibers,  indicating  disintegration  of  these 
fibers.  The  hypotheses  will  be  tested  initially  on  40  patients  with  a  diagnosis  of  idiopathic  PD 
and  20  healthy  subjects.  It  is  expected  that  this  study  will  help  to  identify  new  imaging  markers, 
which  will  improve  the  diagnosis  of  PD,  and  potentially  increase  therapeutic  options  for  the 
patient 

Military  relevance:  Epidemiology  studies  suggest  1.5-  to  7-fold  increases  in  risk  to  develop  PD 
for  people  with  occupational  exposure  to  environmental  toxicants,  including  neuroagents, 
pesticides,  and  herbicides.  In  addition  to  toxicants,  traumatic  brain  injury  has  also  been 
associated  with  a  higher  risk  to  develop  PD.  Both  exposures  to  toxicants  and  brain  injuries 
increase  considerably  for  military  personnel  on  active  duty.  Furthermore,  since  age  is  another 
major  risk  factor,  the  incidence  of  PD  may  surge  in  the  coming  years  when  military  personnel 
and  veterans,  who  were  deployed  to  Vietnam,  the  Persian  Gulf,  and  Iraq,  and  other  conflicts 
reach  their  5th  and  6th  decades  of  life.  The  primary  aim  of  this  project  is  the  identification  of  an 
imaging  marker  of  PD  that  improves  diagnosis  of  the  disease,  prognosis  and  response  to 
pharmacological  interventions.  This  emphasizes  and  establishes  the  strong  military  relevance  of 
PD  research  in  general  and  of  this  application  in  particular. 
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Parkinson’s  disease  (PD)  is  associated  with  neuron  loss  and  glial  activation,  especially  in  the 
substantia  nigra  pars  compacta.  Previous  MRI  studies  of  PD,  however,  yielded  inconsistent 
results  of  brain  tissue  loss.  Another  major  component  of  PD  pathology  seems  to  be  increased 
iron.  This  project  is  using  susceptibility  weighted  imaging  (SWI),  which  can  indirectly  measure 
iron  content  in  brain  tissue  by  observation  of  signal  phase  evolutions,  to  detect  iron  abnormalities 
in  PD.  An  increasing  number  of  diffusion  tensor  imaging  (DTI)  studies  in  PD  suggest  abnormal 
measures  of  fractional  anisotropy  (FA),  a  directional  diffusion  measure  thought  to  indicate 
decreased  white  matter  integrity.  We  are  using  DTI  to  investigate  the  integrity  of  fiber  bundles  of 
the  movement  circuitry  in  PD.  Overall,  we  aim  to  identify  systematic  abnormalities  of  SWI  and 
DTI  in  PD  that  could  be  early  markers  of  PD.  Furthermore,  we  aim  to  investigate  the  extent  to 
which  SWI  and  DTI  abnormalities  correlate  with  PD  severity. 

Our  aim  was  to  explore  if  SWI  could  be  a  useful  marker  for  PD  that  also  tightly  correlates  with 
severity  of  the  clinical  symptoms.  Specifically,  we  hypothesized  that  PD  is  associated  with 
decreasing  SWI  phase  in  the  movement  controlling  network,  including  the  substantia  nigra  (SN), 
subthalamic  nucleus  (STN),  globus  pallidus  (GP),  putamen  (PUT),  and  caudate  nucleus  (CAU) 
and  furthermore  that  phase  correlates  with  disease  severity. 


BODY 

During  the  past  year,  we  studied  18  male  patients  diagnosed  with  mild  to  moderate  PD  as 
measured  using  the  Unified  Parkinson’s  Disease  Rating  Scale  (UPDRS)  Part  III  motor  score  in 
the  off-medication  state  and  10  male  healthy  controls  of  comparable  age  volunteered  for  this 
MRI  study  at  4Tesla  (mean  age  65  ±  6  years,  UPDRS  range  from  3  to  52).  All  subjects  received 
a  comprehensive  neurological  evaluation  to  establish  presence  or  absence  of  PD.  The  regions  of 
SN,  STN,  GP,  PUT  and  CAU  were  identified  by  a  combination  of  automated  labeling  using 
nonlinear  warping  of  the  images  to  a  brain  atlas  with  Freesurfer  software 
(http://surfer.nmr.mgh.harvard.edu/)  and  manual  refinement  by  experienced  readers  blinded  to 
all  clinical  information.  The  phase  images  of  SWI  were  high-pass-filtered  to  remove  low-spatial- 
frequency  components.  The  final  phase  images  appear  on  a  scale  from  0  to  4096,  corresponding 
to  —7i  to  +7i.  To  evaluate  the  regional  dispersion  of  the  phase,  we  evaluated  the  2nd  order 
coincidences  (co-occurrences)  between  pairs  of  phase  values  within  the  traced  anatomical 
regions.  For  a  region  with  a  uniform  phase  distribution,  the  co-occurrences  lie  close  to  the 
diagonal  of  the  co-occurrence  matrix,  whereas  they  appear  off-diagonal  for  a  heterogeneous 
distribution.  We  quantified  co-occurrences  by  computing  the  entropy  of  the  co-occurrence 
matrix,  where  greater  entropy  reflects  increasing  numbers  of  off-diagonal  occurrences, 
equivalent  to  greater  regional  phase  dispersion.  The  effect  of  PD  on  phase  and  phase  entropy  was 
statistically  evaluated  using  ANOVA  with  age  as  co-factor.  Correlations  between  UPDRS  scores 
and  phase  or  entropy  were  evaluated  using  Spearman  Rank  tests  (a=0.05) 


KEY  RESEARCH  ACCOMPLISHMENTS 

1.  Enrollment  of  subjects  for  this  study  began  on  January  8th,  2007  after  we  received  final 
DoD  IRB  approval  for  the  study. 


3 


Schuff,  Norbert  PhD  W8 1XWH-05-2-0094 

2.  During  the  past  12  months,  we  have  recruited  and  studied  18  PD  patients  and  10  age  and 
sex  matched  control  subjects,  which  is  close  to  our  recruitment  goal  of  enrolling  20 
patients  and  10  controls  per  year  for  this  study.  We  are  only  a  few  subjects  shy  of 
reaching  our  total  recruitment  goals  of  40  patients  and  20  controls. 

3.  Processing  of  the  MRI  data  is  currently  in  progress.  We  obtained  preliminary  results  from 
a  small  number  of  subjects  including  pilot  data.  The  findings  described  in  the  next 
paragraph. 


REPORTABLE  OUTCOMES 


SWI  Results:  SWI  phase  values  (+/-  SD)  in  PD  and  controls  are  listed  in  the  table  by  regions. 
The  most  significant  phase  reductions,  implying  increased  iron,  occurred  in  the  left  STN  (p  = 
0.01),  right  PUT  (p  =  0.01)  and  bilaterally  in  Mean  Phase 

the  CAU  (p  =  0.03),  whereas  differences  in  the 
SN  and  GP  were  not  significant  after 
accounting  for  age.  The  phase  in  the  PUT 
significantly  correlated  with  PD  severity  (left:p 
=  0.002;  right:  p  =  0.01),  whereas  for  STN  and 
CAU  these  correlations  were  only  a  trend. 

Phase  entropy  was  not  significantly  associated 
with  PD  in  any  region.  However,  phase 
entropy  increased  with  increasing  PD  severity 
(higher  UPDRS  motor  scores)  in  the  CAU  (p  = 

0.01),  PUT  (p  =  0.007),  and  STN  (p  =  0.003), 
as  depicted  in  the  figure  for  the  STN.. 


Region 

PD 

Control 

p-  value 

Substantia  Nigra 

Right 

2056+  139 

2122  +  184 

n.s. 

Left 

2076+  135 

2144  +  219 

n.s. 

Subthalamic  Nucleus 
Right 

2077  ±  87 

2108  +  64 

n.s. 

Left 

2056+  139 

2173  +  116 

0.01 

Globus  Pallidus 

Right 

2072  ±  28 

2084  ±  39 

n.s. 

Left 

2065  ±  26 

2087  ±  48 

n.s. 

Putamen 

Right 

2065+  18 

2084  ±  27 

0.01 

Left 

2056  ±  25 

2100  +  35 

n.s. 

Caudate  Nucleus 

Right 

2087  ±  21 

2103  +  25 

0.02 

Left 

2093  ±  20 

2113  +  33 

0.03 

PD  Severity  in  Terms  of  UPDRS  and  SWI  Phase 
Entropy  of  Subthalamic  Nucleus 


DTI  Results:  We  also  performed  a  group 
comparison  for  DTI:  We  found  reduced  FA 
(p<0.01)  in  PD  compared  to  normal  controls 
in  various  white  matter  regions.  The  DTI 
abnormalities  in  PD  were  primarily  seen  in 
proximity  to  the  substantia  nigra  (SN), 
posterior  striatum,  as  well  as  in  frontal  white 
matter  and  along  projection  fibers  to  the 
supplementary  motor  areas  (SMA). 

Correlation  results:  In  the  PD  patient 
group,  negative  correlations  (p<0.01) 

between  the  FA  and  UPDRS  scores  were 
found  close  to  the  SN  as  shown  in  the  Figure 
below.  Moreover,  the  phase  values  of  SWI  in 
SN,  presumably  reflecting  the  regional  iron  levels,  also  correlated  (p<0.01)  with  the  FA  in  the 
WM  tracts  and  projections  to  the  SMA  as  illustrated  in  Fig.2  (b). 


Others: 

1.  Received  invitation  to  speak  at  the  1st  International  Symposium  on  Neuroimaging  in  PD 
in  Innsbruck  Austria  on  high  field  MRI  applications  for  PD  studies. 
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2.  Conference  Proceedings:  N.  Schuff.  Potential  role  of  high  field  MRI  for  PD  studies;  1st 
International  Symposium  on  Neuroimaging  in  PD,  Innsbruck  Austria 

3.  Applied  to  the  Michael  J.  Fox  foundation  for  funding  of  a  prospective  study  of  PD  that 
involves  clinical  evaluations  and  MRI  scans  at  baseline  and  after  one  year.  The  proposed 
study  will  build  on  results  of  this  DoD  funded  cross-sectional  MRI  study.  However,  since 
this  DoD  funded  study  has  no  prospective  component  to  study  PD  progression,  funds 
have  been  request  for  longitudinal  studies  of  PD  patients.  Additional  funds  are  requested 
to  study  a  group  of  patients  with  MSA  to  determine  the  specificity  of  cross-sectional  and 
longitudinal  findings  in  PD. 


CONCLUSION 

Our  preliminary  findings  indicate  widespread  brain  deficits  in  PD  along  a  regional  profile  that 
seems  to  be  specific  for  PD  (similar  MRI  measures  in  Alzheimer’s  disease  and  other  dementias 
show  different  systematic  patterns  of  abnormalities  (l1).  Furthermore,  cortical  deficits  involving 
the  SMA,  may  reflect  dysfunctions  of  circuits  for  motor  planning  that  may  help  differentiating 
between  subtypes  of  PD,  i.e.  akinetic-rigid  dominant  versus  tremor  dominant  types,  which  can 
differ  in  disease  progression  and  responsiveness  to  treatment  (2).  In  short,  these  preliminary 
results  support  our  hypothesis  that  PD  is  associated  with  a  characteristic  pattern  of  increased 
brain  iron  and  fiber  disintegration  that  can  be  detected  with  MRI. 

Our  plans  for  the  coming  year  are  to  continue  recruiting  PD  and  control  subjects  and  to  process 
and  analyze  more  data. 


REFERENCES 

1.  Zhang  Y,  Schuff  N,  Jahng  GH,  Bayne  W,  Mori  S,  Schad  L,  Mueller  S,  Du  AT,  Kramer 
JH,  Yaffe  K,  Chui  H,  Jagust  WJ,  Miller  BL,  Weiner  MW.  Diffusion  tensor  imaging  of 
cingulum  fibers  in  mild  cognitive  impairment  and  Alzheimer  disease.  Neurology 
2007;68(1):13-19. 

2.  Mito  Y,  Yoshida  K,  Yabe  I,  Makino  K,  Tashiro  K,  Kikuchi  S,  Sasaki  H.  Brain  SPECT 
analysis  by  3D-SSP  and  clinical  features  of  Parkinson's  disease.  Hokkaido  Igaku  Zasshi 
2006;81(1):  15-23. 


APPENDICES  (attached) 

APPENDIX  I  (1  page) 

W.  Zhanl,  G.  A.  Kang,  G.  A.  Glass,  W.  J.  Marks2,  Y.  Zhangl,  M.  Nezamzadehl,  A.  Ebell,  X. 
Zhul,  R.  Millinl,  D.  McCoyl,  M.  W.  Weinerl,  and  N.  Schuff.  Voxel-Based  DTI  Analysis  of 
White  Matter  Alterations  in  Parkinson’s  Disease.  Printed  in  the  proceedings  of  the  international 
society  of  magnetic  resonance  in  medicine  (ISMRM),  meeting  in  Toronto,  2008 

APPENDIX  II  (1  page) 


5 


Schuff,  Norbert  PhD  W8 1XWH-05-2-0094 


A.  Ebell,2,  L.  Stables3,  G.  A.  Kang4,  G.  Glass3,4,  R.  Millinl,2,  D.  McCoyl,5,  P.  Lorenzenl,5, 
Y.  Zhang  1,5,  W.  Zhanl,5,  M.  W.  Weinerl,5,  W.  Marks3,4,  and  N. 

Schuff.  Abnormal  Iron  Content  and  Distribution  in  the  Basal  Ganglia  in  Parkinson’s  Disease:  A 
Susceptibility-Weighted  Imaging  Study.  Printed  in  the  proceedings  of  the  international  society 
of  magnetic  resonance  in  medicine  (ISMRM),  meeting  in  Toronto,  2008 


APPENDIX  III  (2  pages) 

Gail  A.  Kang,  M.D.,  Graham  A.  Glass,  M.D.,  William  Marks,  M.D.,  Wang  Zhan,  Ph.D.,  Yu 
Zhang,  M.D.,  Andres  Ebel,  Ph.D.,  Marzieh  Nezamzadeh,  Ph.D.,  Rachel  Millin,  B.S.,  Paul 
Dukarm,  Ph.D.,  Norbert  Schuff,  Ph.D.  A  Potential  Role  for  Multi-Modal  MRI  as  an  Objective 
Diagnostic  Tool  and  Surrogate  Marker  of  Disease  Progression  in  Parkinson’s  Disease.  Poster. 


SUPPORTING  DATA 

N/A 


6 


Voxel-Based  DTI  Analysis  of  White  Matter  Alterations  in  Parkinson’s  Disease 


W.  Zhan1,  G.  A.  Kang2,  G.  A.  Glass2,  W.  J.  Marks2,  Y.  Zhang1,  M.  Nezamzadeh1,  A.  Ebel1,  X.  Zhu1,  R.  Millin1,  D.  McCoy1,  M.  W.  Weiner1,  and  N.  Schuff1 

Radiology,  University  of  California  San  Francisco,  San  Francisco,  CA,  United  States,  2VA  Medical  Center  San  Francisco,  San  Francisco,  CA,  United  States 


Introduction 

As  new  potentially  disease-modifying  drugs  for  Parkinson’s  disease  (PD)  are  being  developed,  there  is  increasing  need  for  imaging 
markers  to  accurately  diagnose  PD  and  monitor  progression.  MRI-based  techniques  could  play  a  particular  role  for  drug  studies  of  PD, 
because  MRI  measures  do  not  rely  on  receptor  binding,  unlike  radiotracer  imaging  with  PET  and  SPECT  [1-3].  In  the  present  study, 
diffusion  tensor  imaging  (DTI)  [4]  was  applied  to  assess  microscopic  alterations  of  white  matter  (WM)  tracts  in  PD.  Specifically,  we 
hypothesized  that  PD  would  be  associated  with  fractional  anisotropy  (FA)  reductions  in  brain  regions  known  to  be  associated  with  PD, 
such  as  the  substantia  nigra  (SN).  Furthermore,  we  predicted  that  greater  FA  reductions  in  these  regions  would  correlate  with 
increased  severity  of  PD  symptoms. 

Methods 

Fourteen  patients  diagnosed  with  mild-moderate  PD  as  measured  by  the  Unified  Parkinson’s  Disease  Rating  Scale  (UPDRS)  [5]  (all 
males,  age=68+8  yrs,  UPDRS  off-medication  motor  score=26.3±12.2),  and  20  healthy  male  controls  matched  for  age  and  education 
volunteered  for  this  MRI  study  on  a  4T  scanner  (Siemens).  The  scan  protocol  included  DTI  (EPI:  TR/TE=  6s/77ms,  voxel=2x2x3mm, 
GRAPPA=2,  direction=6  at  h=800s/mm2  4  repetitions),  FLAIR  (TR/TE/TI=  5000/355/2030ms),  and  T1  MPRAGE  (TR/TE/TI= 
2300/3.5/950  ms)  images.  Susceptibility-weighted  images  (SWI)  were  also  collected  to  measure  brain  iron  deposition  [6].  All  subjects 
received  a  comprehensive  neurological  evaluation  to  establish  presence  or  absence  of  PD.  Severity  of  PD  was  tested  “off  medication.” 
Subjects  were  excluded  if  they  had  pathological  diagnosis  of  any  other  neurological  disorder,  history  of  central  nervous  system 
infection,  seizures,  significant  cognitive  impairment  (defined  as  MMSE  <  26),  or  history  of  alcohol  and/or  drug  abuse.  MRI  data 
showing  strong  motion  artifact  or  WM  lesions  in  raw  images  were  also  excluded  from  analysis.  FSL  (http://www.fmrib.ox.ac.uk/fsl/) 
was  used  for  eddy  current  correction  and  DTI  preprocessing  offline.  The  tract-based  spatial  statistics  (TBSS)  technique  [7]  was 
implemented  for  DTI  processing.  One  normal  subject  (age=65  yrs)  was  chosen  as  the  “target”  on  which  the  FA  maps  of  all  subjects 
were  nonlinearly  co-registered,  and  non-FA  DTI  data  were  transformed  by  following  the  same  pipeline.  Aligned  DTI  data  were  then 
interpolated  to  lx  lx  1mm  resolution  and  spatially 
normalized  into  a  T1  template  in  the  Talairach  space.  A 
non-parametric  permutation  t-test  was  performed  to  provide 
the  group  comparisons  with  interpretable  p  values.  An 
orthogonal  linear  regression  algorithm  was  applied  to 
estimate  and  remove  age-related  effects  on  a  voxelwise 
basis.  Pearson’s  cross-correlation  coefficients  between  the 
DTI  and  UPDRS  measurements  were  estimated  for  each 
voxel.  No  smoothing  or  clustering  techniques  were  applied. 

Results 

Group  comparisons:  In  Fig.l,  reduced  FA  (p<0.01)  in  PD 
compared  to  normal  controls  is  illustrated  as  blue  clusters,  superimposed  on  the  mean  FA  map  in  normalized  space.  The  DTI 
abnormalities  in  PD  were  primarily  seen  in  proximity  to  the  substantia  nigra  (SN),  posterior  striatum,  as  well  as  in  frontal  white  matter 
and  along  projection  fibers  to  the  supplementary  motor  areas  (SMA). 

Correlation  results:  In  the  PD  patient  group,  negative  correlations  (p<0.01)  between  the  FA  and  UPDRS  scores  were  found  close  to 
the  SN  as  shown  in  Fig. 2  (a).  Moreover,  the  phase  values  of  SWI  in  SN,  presumably  reflecting  the  regional  iron  levels,  also  correlated 
(p<0.01)  with  the  FA  in  the  WM  tracts  and  projections  to  the  SMA  as 
illustrated  in  Fig.2  (b). 

Discussions 

Voxel-based  DTI  analysis  revealed  widespread  decrease  of  FA  in  PD, 
primarily  seen  in  WM  close  to  the  SN,  as  hypothesized,  as  well  as  in  the 
posterior  striatum,  frontal  lobe,  and  projections  to  the  SMA,  potentially 
indicating  axonal  degradation  of  neuronal  pathways  that  play  a  role  in 
movement  planning  and  initiation  [8].  Further  support  for  an  association 
between  DTI  alterations  and  PD  comes  from  correlation  analyses  showing 
that  the  DTI  abnormities  in  SN  increased  with  the  PD  severity,  and  that  the 
WM  integrity  in  SMA  is  associated  with  changes  of  the  iron  level  in  SN. 

Taken  together,  these  results  suggest  that  DTI  may  help  improve  diagnosis 
and  staging  of  PD. 
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Fig.2:  Correlations  results  in  the  PD  patients 


Fig  1 :  Abnormal  DTI  in  PD  compared  to  Controls 
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Background:  Finding  a  robust  MRI  marker  for  Parkinson’s  disease  (PD)  is  extremely  important  because  of  the  difficulty  of  correctly 
diagnosing  PD,  especially  at  an  early  stage.  Several  MRI  relaxation  studies  reported  abnormal  R2  and  R2*  values  in  PD  in  agreement 
with  histopathological  findings  of  increased  iron  deposition  in  the  brain’s  nigrostriatal  system.  However,  substantial  problems  remain  to 
consistently  and  accurately  quantify  brain  iron  using  MRI.  An  alternative  MRI  technique  to  measure  brain  iron  is  susceptibility-weighted 
imaging  (SWI),  which  exploits  the  effect  that  subtle  magnetic  susceptibility  differences  alter  the  phase  of  the  MRI  signal.  One  advantage 
of  SWI  is  that  the  phase  should  decrease  linearly  with  brain  iron  concentration  in  contrast  to  R2  and  R2*  which  show  nonlinear  changes 
(1).  Moreover,  since  the  phase  is  independent  of  the  signal  magnitude,  phase  is  also  more  robust  in  the  presence  of  noise  (1).  The  aim 
of  this  study  was  to  explore  if  SWI  could  be  a  useful  marker  for  PD  that  also  tightly  correlates  with  severity  of  the  clinical  symptoms. 
Specifically,  we  hypothesized  that  PD  is  associated  with  decreasing  SWI  phase  in  the  movement  controlling  network,  including  the 
substantia  nigra  (SN),  subthalamic  nucleus  (STN),  globus  pallidus  (GP),  putamen  (PUT),  and  caudate  nucleus  (CAU),  and  furthermore 
that  phase  correlates  with  disease  severity. 


Methods:  Eighteen  male  patients  diagnosed  with  mild  to  moderate  PD  as  measured  using  the  Unified  Parkinson’s  Disease  Rating 
Scale  (UPDRS)  Part  III  motor  score  in  the  off-medication  state  (mean  age  65  +  6  years,  UPDRS  range  from  3  to  52)  and  23  male 
healthy  controls  of  comparable  age  volunteered  for  this  MRI  study  at  4  Tesla.  All  subjects  received  a  comprehensive  neurological 
evaluation  to  establish  presence  or  absence  of  PD.  The  scan  protocol 
included  1  mm3  T1  MPRAGE  and  FLAIR  as  well  as  0.5  x  0.6  x  1.2  mm 
SWI  (TR/TE=32/25  ms,  courtesy  of  Dr.  E.M.  Haacke).  The  structural  MRIs 
were  co-registered  to  each  other.  The  regions  of  SN,  STN,  GP,  PUT,  and 
CAU  were  identified  by  a  combination  of  automated  labeling  using 
nonlinear  warping  of  the  images  to  a  brain  atlas  with  Freesurfer  software 
(http://surfer.nmr.mqh.harvard.edu/)  and  manual  refinement  by 
experienced  readers  blinded  to  all  clinical  information.  The  phase  images 
of  SWI  were  high-pass-filtered  to  remove  low-spatial-frequency 
components.  The  final  phase  images  appear  on  a  scale  from  0  to  4096, 
corresponding  to  -tt  to  +tt.  To  evaluate  the  regional  dispersion  of  the 
phase,  we  evaluated  the  2nd  order  coincidences  (co-occurrences)  between 
pairs  of  phase  values  within  the  traced  anatomical  regions.  For  a  region 
with  a  uniform  phase  distribution,  the  co-occurrences  lie  close  to  the 
diagonal  of  the  co-occurrence  matrix,  whereas  they  appear  off-diagonal  for 
a  heterogeneous  distribution.  We  quantified  co-occurrences  by  computing 
the  entropy  of  the  co-occurrence  matrix  (2),  where  greater  entropy  reflects 
increasing  numbers  of  off-diagonal  occurrences,  equivalent  to  greater  regional  phase  dispersion.  The  effect  of  PD  on  phase  and  phase 
entropy  was  statistically  evaluated  using  ANOVA  with  age  as  co-factor.  Correlations  between  UPDRS  motor  scores  and  phase  or 
entropy  were  evaluated  using  Spearman  Rank  tests  (oc=0.05). 

Results:  SWI  phase  values  (+/-  SD)  in  PD  and  controls  are  listed  in  the  table 
by  regions.  The  most  significant  phase  reductions,  implying  increased  iron, 
occurred  in  the  left  STN  (p  =  0.01),  right  PUT  (p  =  0.01),  and  bilaterally  in  the 
CAU  (p  =  0.03),  whereas  differences  in  the  SN  and  GP  were  not  significant 
after  accounting  for  age.  The  phase  in  the  PUT  significantly  correlated  with 
PD  severity  (left:  p  =  0.002;  right:  p  =  0.01),  whereas  for  STN  and  CAU  these 
correlations  were  only  a  trend.  Phase  entropy  was  not  significantly 
associated  with  PD  in  any  region.  However,  phase  entropy  increased  with 
increasing  PD  severity  (higher  UPDRS  motor  scores)  in  the  CAU  (p  =  0.01), 

PUT  (p  =  0.007),  and  STN  (p  =  0.003),  as  depicted  in  the  figure  for  the  STN. 

Conclusions:  The  findings  support  our  a-priori  hypotheses.  The  findings 
taken  together  suggest  that  SWI  phase  and  entropy  have  potential  value  as 
markers  for  an  objective  diagnosis  of  PD,  assessment  of  disease  severity,  as 
well  as  for  response  to  disease-modifying  interventions. 


PD  Severity  in  Terms  of  UPDRS  and  SWI  Phase 
Entropy  of  Subthalamic  Nucleus 


Mean  Phase 


Region 

PD 

Control 

p-  value 

Substantia  Nigra 

Right 

2056+  139 

2122+184 

n.s. 

Left 

2076+  135 

2144  +  219 

n.s. 

Subthalamic  Nucleus 
Right 

2077  ±  87 

2108  +  64 

n.s. 

Left 

2056+  139 

2173+116 

0.01 

Globus  Pallidus 

Right 

2072  ±  28 

2084  ±  39 

n.s. 

Left 

2065  ±  26 

2087  ±  48 

n.s. 

Putamen 

Right 

2065+  18 

2084  ±  27 

0.01 

Left 

2056  ±  25 

2100  +  35 

n.s. 

Caudate  Nucleus 

Right 

2087  +  21 

2103  +  25 

0.02 

Left 

2093  ±  20 

2113  +  33 

0.03 
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Multimodal  MRI  Imaging  of  Parkinson’s  Disease 
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Since  the  assessment  of  Idiopathic  Parkinson’s  Disease  (PD)  is  currently  based  primarily 
on  symptoms  and  signs  on  clinical  examination,  an  accurate  diagnosis  can  be  challenging 
especially  at  the  initial  stages  of  motoric  involvement.  However,  an  accurate  diagnosis  of 
IPD  as  well  as  disease  progression  has  potential  major  implications  for  instituting 
effective  neuroprotective  strategies  and  for  disease-modifying  clinical  trials.  In  this 
ongoing  study,  we  are  evaluating  the  utility  of  a  multimodal  MRI  technique  in 
distinguishing  between  PD  patients  and  controls.  In  addition,  we  are  assessing  if  there 
are  any  characteristic  imaging  changes  seen  with  degree  of  disease  severity.  Some  of  the 
measurement  tools  available  with  this  MRI  technique  include  susceptibility-weighted 
imaging  (SWI)  which  provides  a  measure  of  brain  iron  levels,  diffusion  tensor  imaging 
(DTI)  which  assesses  nerve  fiber  integrity  and  arterial  spin  labeling  (ASL)  MRI  which 
measures  cerebral  blood  flow. 

18  PD  (age  range  55  -  82  years;  17  males/1  female)  and  23  control  subjects  (age  range 
58-81  years;  all  male)  have  been  evaluated.  A  significant  correlation  has  been  found 
between  SWI  phase  and  entropy  measurements  between  the  putamen  (both  left  and  right 
sides)  and  motoric  severity  (as  assessed  on  UPDRS  Part  III)  of  PD  subjects  (right 
putamen:  p  <  0.05;  left  putamen:  p  <  0.01).  There  are  similar  findings  for  the  caudate 
and  subthalamic  nucleus.  In  DTI  analysis  of  a  subset  of  these  subjects  (1 1  PD,  12 
controls),  there  is  a  widespread  decrease  (P  <0.01)  of  fractional  anisotropy  in  PD.  These 
DTI  abnormalities  in  PD  were  primarily  seen  in  the  posterior  striatum  as  well  as  in  the 
frontal  white  matter  and  supplementary  motor  area.  ASL  analysis  in  this  same  subset  of 
subjects  has  shown  significant  reduction  in  blood  flow  in  the  frontal  cortex  in  PD  (p  < 
0.001).  Our  findings  demonstrate  widespread  brain  deficits  in  PD  occurring  in  a  regional 
distribution  which  appear  to  be  specific  for  PD;  a  similar  pattern  of  abnormalities  have 
not  been  seen  in  other  neurodegenerative  disorders. 
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Objective:  To  evaluate  the  utility  of  multimodal  MRI  in  distinguishing 
between  Idiopathic  Parkinson’s  disease  (PD)  subjects  and  controls,  using 
(1)  normalized  volume  measurements  of  the  basal  ganglia  and  (2) 
susceptibility-weighted  imaging  (SWI)  which  provides  measurement  of 
iron  levels.  In  addition,  we  determined  if  imaging  characteristics 
correlate  with  disease  severity  and  subtype  of  disease. 

Background:  The  diagnosis  of  PD  is  based  on  clinical  evaluation  alone 
and  an  accurate  diagnosis  can  be  challenging.  The  establishment  of  an 
objective  diagnostic  tool  and  surrogate  marker  of  disease  progression  has 
major  implications  for  instituting  effective  neuroprotective  strategies  and  in 
disease-modifying  clinical  trials. 

Methods:  Twenty-five  PD  and  23  control  subjects  met  criteria  to 
participate  in  the  study  and  completed  the  MRI  protocol.  All  potential 
subjects  were  evaluated  by  a  movement  disorders  specialist  who  confirmed 
the  clinical  diagnosis  of  PD  or  in  the  case  of  control  subjects,  absence  of 
PD.  Unified  Parkinson’s  Disease  Rating  Scale  (UPDRS)  scores  were  . 
obtained  with  subjects  in  the  “off’  state  (defined  as  having  refrained  from 
taking  levodopa  12  hours  prior  to  evaluation).  Determination  of  PD  subtype 
(akinetic-rigid,  tremor  dominant  or  mixed)  was  made  according  to  the 
UPDRS  data.  Subjects  were  required  to  have  a  MMSE  score  of  >  26.  A 
neuropsychological  battery  was  also  administered  to  rule  out  the  presence 
of  dementia. 

Volume  measurements  were  obtained  of  the  right  and  left  caudate,  globus 
pallidus,  and  putamen  and  were  normalized  to  intracranial  volume  to 
account  for  head  size.  Susceptibility  weighted  imaging  processing  was 
obtained  for  the  substantia  nigra  and  subthalamic  nucleus. 


Figure  1:  Example  of  Volume 
Measurements  of  the  Basal  Ganglia 


Figure  2:  Example  of  Susceptibility  Weighted 
Imaging;  Top  Images:  Phase  only;  Bottom 
Images:  Phase  and  Magnitude  Combined 


Results: 

Patient  Demographics 

•  Mean  age:  PD  subjects:  67.4  +1.27  years  (range  55  -  82  years);  control 
population:  66.83+1.29  (range:  58-81  years) 

•  PD  subtypes:  17  akinetic-rigid,  7  tremor  -dominant  and  1  mixed 

•  UPDRS  mean  score  23;  range  3-53;  Hoehn  and  Yahr  range  2-3 

Volume  Measurements  (Figure  1) 

•PD  subjects  had  significantly  smaller  volume  measurements  of  the  left 
and  right  putamen  (p<  0.05)  in  comparison  to  control  subjects 
•Significant  negative  correlations  were  found  between  UPDRS  scores  and  volume 
measurements  of  the  right  caudate  (R  =  -0.418;  p  <  0.05)  and  right  globus  pallidus 
(R=  -0.51;  p<  0.05) 

•Tremor  dominant  subjects  had  significantly  higher  volume  measurement  of  left  putamen  (p 
<0.05)  in  comparison  to  akinetic  rigid  subjects  ( p  <  0.05) 

Susceptibility  Weighted  Imaging  (Figure  2) 

•In  comparison  to  controls,  PD  subjects  had  decreased  mean  SWI  phase  of  the  left 
subthalamic  nucleus  (p  =0.055), and  decreased  mean  SWI  magnitude  of  the  left  substantia 
nigra  (p=0.057)  and  right  subthalamic  nucleus  (p=0.06) 

•PD  subjects  had  significantly  lower  entropy  of  the  SWI  magnitude  in  the  right  substantia 
nigra  (p  <  0.05)  and  the  subthalamic  nuclei  bilaterally  (p  <0.05). 

•Significant  positive  correlation  was  found  between  UPDRS  scores  and  SWI  phase  entropy 
in  the  right  subthalamic  nucleus  (R=0.45;  p  <  0.05) 

Conclusions:  Our  findings  demonstrate  differences  in  imaging  characteristics  between  PD 
and  normal  control  subjects  that  involve  alterations  of  both  brain  structure  and  increased  iron 
deposition.  Furthermore,  the  findings  of  correlations  between  these  brain  alterations  and  symptom 
severity  indicates  these  changes  may  play  a  direct  role  in  PD  pathology.  Further 
investigation  of  these  MR  imaging  modalities  as  well  as  others  that  our  group  is  concurrently 
studying  will  seek  to  further  clarify  if  multimodal  MRI  is  a  valid  objective  tool  in  the 
diagnosis  and  monitoring  of  disease  progression  in  PD. 
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Principal  Investigator:  Karen  Seal,  M.D.,  MPH 

Co-Director,  OEF/OIF  Integrated  Care  Clinic,  San  Francisco  VA  Medical  Center 
Assistant  Professor  of  Medicine  and  Psychiatry,  University  of  California,  San 
Francisco 


ABSTRACT 

A  substantial  proportion  of  veterans  returning  from  Operation  Enduring  Freedom  (OEF)  and 
Operation  Iraqi  Freedom  (OIF)  suffer  from  one  or  more  co-occurring  mental  health  disorders. 
The  VA  has  instituted  an  electronic  clinical  reminder  to  facilitate  mental  health  post-deployment 
screening  to  rapidly  assess  symptoms  of  PTSD,  depression  and  high-risk  alcohol  use  among 
OEF/OIF  veterans.  The  primary  scientific  aims  of  this  DoD-funded  study  are  to:  1)  estimate  the 
prevalence  of  positive  screening  tests  for  PTSD,  depression  and  high-risk  drinking,  2)  among 
OEF/OIF  veterans  who  screen  positive  for  a  mental  health  disorder,  to  determine  the  proportion 
who  receive  mental  health  treatment  and  the  predictors  of  receiving  mental  health  treatment,  and 
3)  through  rapid  telephone  assessment,  using  validated  mental  health  screening  instruments,  to  a) 
validate  the  VA  post-deployment  mental  health  screen  and  b)  to  determine  barriers  to  mental 
health  treatment.  In  a  related  study  funded  by  the  VA,  we  are  piloting  telephone-administered 
motivational  interviewing  (TAMI),  a  psychotherapeutic  technique  to  enhance  mental  health 
treatment  engagement  among  OEF/OIF  veterans  who  screen  positive  for  mental  health  disorders 
during  the  DoD-funded  telephone  survey.  This  work  is  relevant  to  the  military  and  the  VA 
because  we  will  determine  the  effectiveness  of  mental  health  post-deployment  screening  to 
detect  symptoms  of  mental  illness  and  enhance  follow-up  mental  health  assessment  of  these 
symptoms.  We  will  also  ascertain  specific  barriers  to  mental  health  assessment  and  treatment 
among  OEF/OIF  veterans.  In  a  related  study,  we  will  assess  the  effectiveness  of  telephone- 
administered  motivational  interviewing  to  overcome  barriers  to  mental  health  care  and  enhance 
mental  health  treatment  engagement  among  this  high-risk  population  of  OEF/OIF  veterans.  Our 
overall  goal  is  to  improve  identification  of  mental  health  symptoms  and  enhance  early 
intervention  to  prevent  chronic  mental  illness  and  related  disability. 
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INTRODUCTION 

Both  the  DoD  and  VA  have  instituted  universal  post-deployment  mental  health  screening 
programs  for  returning  military  personnel  and  veterans  of  Operations  Enduring  Freedom  (OEF) 
and  Operation  Iraqi  Freedom  (OIF),  yet  the  effectiveness  of  these  programs  to  increase  mental 
health  utilization  among  those  screening  positive  for  mental  health  symptoms  has  been 
questioned.  2  This  study  evaluates  the  effectiveness  of  the  VA  post-deployment  screen  to 
increase  mental  health  utilization  among  veterans  screening  positive  for  mental  health  symptoms. 
In  addition,  through  telephone  interviews  with  OEF/OIF  veterans  in  Northern  California,  we  will 
not  only  validate  the  VA  post-deployment  screen,  but  also  explore  barriers  to  mental  health 
treatment  and  strategies  to  overcome  these  barriers.  In  a  related  randomized  controlled  trial 
funded  by  the  VA,  we  are  evaluating  the  effectiveness  of  telephone-administered  motivational 
interviewing  to  increase  engagement  in  mental  health  care  among  veterans  screening  positive  for 
symptoms  of  mental  health  disorders.  Our  initial  DoD  funding  was  fundamental  to  securing 
additional  funding  from  the  VA  and  now  forms  the  basis  for  four  additional  funded 
DoD/CDMRP  grants.  In  addition,  this  initial  DoD  funding  has  directly  and  indirectly  resulted  in 
two  published  manuscripts,  two  manuscripts  under  review,  one  invited  article,  and  several  oral 
presentations  at  national  and  international  conferences.  The  progress  and  products  of  the  study 
are  described  below. 


BODY  (no  SOW  was  required  for  the  initial  grant  proposal) 

In  preparation  to  accomplish  the  stated  aims  of  the  DoD  proposal  (see  below),  we  conducted  the 
first  national  evaluation  of  the  prevalence  of  mental  health  disorders  among  over  100,000 
OEF/OIF  veterans  using  VA  healthcare.  Using  ICD-9  codes  associated  with  visits  to  VA  or  VA- 
reminbursed  facilities  in  the  United  States,  we  found  that  among  103,788  veterans  of  Iraq  and/or 
Afghanistan,  32,010  (31%)  received  mental  health  and/or  psychosocial  diagnoses;  the  majority 
receiving  multiple  mental  health  diagnoses.  The  youngest  group  of  returned  veterans  (18-24 
years)  were  at  greatest  risk  for  receiving  mental  health  or  PTSD  diagnoses  compared  to  veterans 
aged  >  40  years  [relative  risk  (RR)=3.32,  95%  confidence  interval  (CI)=3. 12-3.54]  and  PTSD 
(RR=5.04,  95%  0=4.52-5.62).  Most  initial  mental  health  diagnoses  originated  from  primary 
care  settings.  We  concluded  that  targeted  early  detection  and  interventions  beginning  in  primary 
care  are  needed  to  prevent  chronic  mental  illness  and  disability. 3 

Aims  1  and  2: 

1)  To  estimate  the  prevalence  of  positive  screening  tests  for  PTSD,  depression  and  high-risk 
drinking  and  2)  among  OEF/OIF  veterans  who  screen  positive  for  a  mental  health  disorder,  to 
determine  the  proportion  who  receive  mental  health  treatment  and  the  predictors  of  receiving 
mental  health  treatment. 

We  have  completed  the  secondary  data  analyses  associated  with  these  aims  and  the  article 
“Getting  Beyond  'Don't  Ask,  Don't  Tell':  An  Evaluation  of  VA  Post-Deployment  Mental  Health 
Screening  of  Veterans  Returning  from  Iraq  and  Afghanistan”  was  recently  published  in  the 
American  Journal  of  Public  Health  (2008).  The  abstract  follows: 

Objectives:  To  evaluate  outcomes  of  the  VA  “Afghan  and  Iraq  Post-Deployment  Screen”  for 
mental  health  symptoms. 
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Methods:  Clinicians  at  one  VA  facility  were  encouraged  to  refer  veterans  of  Iraq  and 
Afghanistan  who  met  the  threshold  for  a  positive  screen  for  PTSD,  depression  and  high-risk 
alcohol  use  to  a  VA  mental  health  clinic.  Univariate  and  multivariate  methods  were  used  to 
determine  predictors  of  screening,  the  proportions  screening  positive  for  particular  mental  health 
problems,  and  predictors  of  attending  a  subsequent  VA  mental  health  appointment. 

Results:  From  June  1,  2004  through  June  30,  2006,  of  750  Iraq  and  Afghanistan  veterans  seen, 
338  underwent  post-deployment  screening;  233  (69%)  met  criteria  for  >  1  positive  mental  health 
screens.  Having  been  seen  in  primary  care  [adjusted  odds  ratio  (AOR)  =13.3,  95%  CI=8.31- 
21.3]  and  at  a  VA  community  clinic  (AOR=3.28,  95%CI=2.03-5.28)  predicted  screening,  while 
African  American  veterans  were  less  likely  to  be  screened  than  Caucasian  veterans  (AOR=0.45, 
95%CI=0.22-0.91).  Of  233  veterans  screening  positive,  170  (73%)  ultimately  completed  a 
mental  health  follow-up  visit. 

Conclusions:  Based  on  data  from  one  VA  facility,  post-deployment  mental  health  screening 
increases  mental  health  visits  among  returning  veterans. 

Two  tables  and  two  figures  from  the  manuscript  are  shown  below: 


Table  1.  Predictors  of  post-deployment  screening  among  OIF/OEF  veterans  (n=645)1,2 


Not  Adjusted  Odds 

Screened  Screened  Ratio 

Characteristic _ n  (%) _ n  (%) _ (95%  Cl) _ p-value 


Race/Ethnicity 

20 

White 

213 

(51) 

7 

(49) 

Ref 

Hispanic 

54 

(61) 

34 

(39) 

0.83  (0.44-  1.54) 

0.55 

Black 

49 

(71) 

20 

(29) 

0.45  (0.22  -  0.91) 

0.03 

Other 

40 

(59) 

28 

(41) 

0.83  (0.42-  1.65) 

0.60 

Facility  Type 

20 

VA  medical  center 

343 

(63) 

1 

(37) 

Ref 

VA  community  clinic 

Any  Visits  to  Primary  Care 

13 

(13) 

88 

(87) 

3.56(1.78  -7.11) 

0.00 

No 

257 

(88) 

36 

(12) 

Ref 

25 

Yes 

99 

(28) 

3 

(72) 

13.3  (8.31-21.3) 

0.00 

Any  Visits  to  MH  Clinic 

12 

No 

287 

(69) 

6 

(31) 

Ref 

16 

Yes 

69 

(30) 

3 

(70) 

3.28  (2.03  -  5.28) 

0.00 

1  The  population  size  was  reduced  from  750  to  645  to  include  only  veterans  with  non-missing 
values  for  study  variables. 

2  In  addition  to  the  predictor  variables  shown  above,  the  multivariate  model  was  adjusted  for  age, 
gender  and  total  number  of  visits  to  the  VA. 
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Figure  1:  Of  OIF/OEF  veterans  screening  positive  for  mental  health  symptoms  (n=233),  the 
proportions  of  veterans  screening  positive  for  symptoms  of  PTSD,  depression,  high-risk  alcohol 
use  and  co-morbid  symptoms  are  shown  below. 


Figure  2:  Mental  health  (MH)  appointments  scheduled  and  completed  following  post¬ 
deployment  screening  among  750  OEF/OIF  veterans  seen  at  a  single  VA  medical  center  and 
associated  community-based  outpatient  clinics  (9/1 1/2001-6/30/06) 


OIF/OEF  veterans 
750 


MH  visit  scheduled 
w/in  30  days  of  screen 
107/233  (46%) 


No  visit  scheduled 
w/in  30  days  of  screen 
126/233  (54%) 


Mh  visit 

w/in  90  days  of  screen 
56/233  (24%) 


MH  visit 

w/in  90  days  of  screen 
24/233  (10%) 


Any  MH  visit 
105/233  (45%) 


Any  MH  visit 
65/233  (28%) 


r  'N 
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233/338  (69%) 

\ _ J 

■  ■ 

MH  visit 

w/in  90  days  of  screen 

y 

6/105  (6%) 

v  y 

Any  MH  visit 
15/105  (14%) 


r 

Screened 

Not  Screened 

A 

338 

412 

s _ 
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s 

Anv  MH  visit 
76/412(18%) 
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Table  2.  Predictors  of  mental  health  visits  within  90  days  of  screen  among  OEF/OIF  veterans  (n=159)1 

MH  visit 

No  MH 

w/in  90 

visit  w/in 

days  2 

90  days  2 

Characteristic  n  (%) 

n(%) 

AOR  (95%  Cl) 

p-value 

PTSD  screen 


Negative 

8 

(8) 

91 

(92) 

Ref 

Positive 

38 

(63) 

22 

(37) 

19.84 

(6.16 

-  63.9) 

0.00 

Depression  screen 

Negative 

17 

(15) 

96 

(85) 

Ref 

Positive 

29 

(63) 

17 

(37) 

5.51 

(1.79 

-  17.0) 

0.00 

High-risk  alcohol  use 

Negative 

27 

(26) 

78 

(74) 

Ref 

Positive 

19 

(35) 

35 

(65) 

1.19 

(0.39 

-  3.61) 

0.76 

Gender 

Female 

4 

(31) 

9 

(69) 

Ref 

Male 

42 

(29) 

104 

(71) 

0.89 

(0.07 

-  10.8) 

0.93 

Age 

18-24 

23 

(36) 

41 

(64) 

Ref 

25-29 

11 

(24) 

35 

(76) 

0.85 

(0.25 

-  2.92) 

0.80 

30-39 

10 

(33) 

20 

(66) 

4.18 

(0.73 

-  23.9) 

0.11 

40+ 

2 

(11) 

17 

(89) 

0.29 

(0.02 

-  3.34) 

0.32 

Race/Ethnicity 

White 

32 

(28) 

81 

(72) 

Ref 

Hispanic 

5 

(28) 

13 

(72) 

0.67 

(0.12 

-  3.87) 

0.66 

Black 

5 

(39) 

8 

(61) 

4.79 

(0.54 

-  42.1) 

0.16 

Other 

4 

(27) 

11 

(73) 

3.24 

(0.49 

-  21.7) 

0.23 

Component  type 

National  Guard/Reserve 

15 

(21) 

55 

(79) 

Ref 

Active  duty 

31 

(35) 

58 

(65) 

2.23 

(0.65 

-  7.67) 

0.20 

Facility  type 

VA  medical  center 

22 

(20) 

87 

(80) 

Ref 

VA  community  clinic 

24 

(48) 

26 

(52) 

6.08 

(1.56 

-  23.6) 

0.01 

Any  visits  to  primary  care 

No 

1 

(9) 

10 

(91) 

Ref 

Yes 

45 

(30) 

103 

(70) 

19.4 

(1.30 

-  290) 

0.03 

Number  of  non-MH  visits 

Number  of  Visits 

14. 

(Mean,  SD)2 

5 

16.2 

12.2 

12.1 

1.03 

(0.98 

-  1.07) 

0.26 

The  population  size  was  reduced  to  include  only  veterans  with  all  three  screens  and  no  mental 
health  visits  prior  to  post-deployment  screening  and  veterans  with  non-missing  values  for  study 
variables. 


2  The  column  numbers  represent  numbers  and  percents  for  all  characteristics  except  the 
“Number  of  non  MH  visits”  where  the  column  numbers  represent  the  mean  and  SD  of  the 
column  group. 
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Future  Directions: 

1)  We  are  expanding  this  single  center  analysis  of  the  effectiveness  of  post-deployment  mental 
health  screening  to  include  multiple  affiliated  VA  medical  centers  and  community-based 
outpatient  clinics  in  Northern  California. 

2)  We  were  recently  approved  to  submit  a  VA  Merit  proposal  to  investigate  the  effectiveness  of 
VA  traumatic  brain  injury  (TBI)  screening  and  health  services  utilization  in  veterans  who  screen 
positive  for  TBI. 

Aims  3a  and  3b: 


3)  Through  rapid  telephone  assessment  using  validated  mental  health  screening  instruments, 
to  a)  validate  the  VA  post-deployment  mental  health  screen  and  b)  to  determine  barriers  to 
mental  health  treatment. 

We  initiated  the  third  aim  of  this  study  8/29/07  which  was  made  possible  through  a  companion 
VA  MERIT  grant  (VA  CSR&D  06S-VNIMH-03).  We  are  in  the  second  year  of  this  grant  and 
have  conducted  rapid  telephone-administered  mental  health  assessments  in  a  total  of  over  130 
Northern  California-based  OEF/OIF  veterans.  Standard,  previously  validated  mental  health 
screening  measures  are  used  to  assess  symptoms  of  PTSD  (PCL-M),  depression  (PHQ-9),  high- 
risk  alcohol  use  (AUDIT)  and  illicit  substance  use  (modified  ASI).  Among  the  majority  of 
OEF/OIF  veterans  in  this  study  who  have  already  undergone  VA  post-deployment  mental  health 
screening,  we  will  use  the  results  of  the  standardized  telephone  screen  to  validate  the  VA  post¬ 
deployment  screening  instrument.  We  will  conduct  the  validation  analysis  (calculations  of 
sensitivity  and  specificity)  once  we  have  200  participants  who  have  undergone  both  VA  post¬ 
deployment  screening  and  standardized  mental  health  assessments  through  our  current  study  to 
ensure  adequate  power.  Recruitment  has  progressed  more  slowly  because  of  the  need  for 
additional  funding,  staff  turn-over  and  lower  rates  of  recruitment  than  anticipated.  Veterans  who 
screen  positive  for  mental  health  disorders  but  are  not  currently  in  mental  health  treatment  are 
assessed  for  specific  barriers  to  accessing  mental  health  care  and,  if  otherwise  eligible, 
randomized  to  either  an  experimental  motivational  interviewing  (MI)  arm  or  a  control  arm.  MI 
is  a  psychotherapeutic  technique  used  to  elicit  the  veteran’s  intrinsic  motivation  for  positive 
change.  In  Phase  1  of  this  study,  MI  was  compared  to  a  control  condition  which  was  defined  as 
psychoeducation  balanced  for  time  and  attention  to  the  intervention  arm.  Veterans  in  both  study 
arms  received  referrals  for  VA  or  other  mental  health  services.  Over  6  months,  we  determined 
the  effectiveness  of  MI  versus  control  (psychoeducation)  to  (1)  increase  mental  health  treatment 
engagement  (primary  outcome)  and  (2)  decrease  mental  health  symptoms  and  improve 
functioning  (secondary  outcome). 

We  have  made  progress  since  our  last  report.  We  have  hired  a  new  project  director,  Ms. 
Kathleen  McCartney,  who  started  4/1/08.  We  currently  have  2  part-time  interviewers  and  a  full¬ 
time  study  coordinator  all  of  whom  have  undergone  rigorous  training  in  motivational 
interviewing.  We  have  a  nationally-recognized  motivational  interviewing  trainer/consultant 
(Steven  Berg-Smith)  who  has  provided  the  initial  motivational  interviewing  training  and  now 
oversees  the  interviewers’  MI  sessions,  providing  additional  training  and  feed-back  as  needed. 
We  have  hired  two  motivational  interviewing  coders  who  are  blinded  to  group  assignment  and 
code  each  of  the  study  interviews  for  MI  fidelity.  Below,  we  present  some  data  from  Phase  1  of 
our  pilot  motivational  interviewing  study  which  closed  June  2008.  During  Phase  1,  we  enrolled 
88  OEF/OIF  veterans  and  conducted  baseline  assessments.  We  collected  baseline  information 
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on  sociodemographics,  military  service  and  combat  exposure.  We  also  conducted  baseline 
assessments  for  mental  disorders  and  functional  status,  as  well  as  perceived  barriers  to  mental 
health  treatment: 

Table  1.  Sociodemographics  of  OEF/OIF  veterans  (n=88) 

% 


Age 

23-29 

57 

30-39 

26 

40-61 

17 

Sex 

Female 

18 

Male 

82 

Race 

White 

57 

Latino 

14 

Asian 

14 

African  American 

7 

Other  (Pacific  Islander) 

9 

Education 

High  School/GED 

15 

Some  College 

60 

College  Graduate 

11 

Post  College 

14 

Marital  Status 

Married/Domestic  partner 

38 

Separated/Divorced 

14 

Never  Married 

48 

Table  2.  Military  Service  Characteristics  of  OEF/OIF  veterans  (n=88) 


_ % 

Rank 

Enlisted  84 

Officer  16 

Service  Branch 

Air  Force  1 1 

Army  36 

Marine  Corp  34 

Navy  1 7 

Service  Component 

Active  Duty  72 

National  Guard/Reserves  1 1 

Reserves  1 7 

Deployment  Area 

OIF  68 

OEF  10 

Both  22 

Number  of  Deployments 

0  6 

1  50 

2  26 
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>2  18 

Combat  Exposure 

Low  (0-1)  23 

Medium  (2-4)  35 

High  (5-6)  42 


Table  3.  Mental  health  (MH)  screen  results  in  OEF/OIF  Veterans  (n=88) 


Mental  Health  Disorders1 

%  with  positix 

None 

28 

PTSD 

34 

Depression 

50 

Substance  use  disorders 

40 

Alcohol 

41 

Co-Morbid  MH  Disorders 

1  Screen  Positive 

24 

2  Screens  Positive 

27 

3  Screen  Positive 

16 

4  Screens  Positive 

5 

Table  4.  Perceived  functional  status  and  barriers  to  mental  health  treatment 
in  OEF/OIF  veterans  (n=88) 


Perceived  functional  status 

Mean  score  of  100  (SD) 

Physical  functioning 

85  (26) 

Physical  limitations 

80  (29) 

Bodily  Pain 

79  (29) 

General  Health 

67  (27) 

Vitality 

54  (31) 

Social  functioning 

74  (31) 

Emotional  functioning 

77  (30) 

Mental  Health 

63  (24) 

Perceived  barriers*  (n=80,  missing  8) 

Percent 

Don’t  trust  mental  health  professionals 

10 

Don’t  where  to  get  help 

8 

Don’t  have  transportation 

8 

Difficult  to  schedule  appointment 

26 

Difficult  to  get  time  off  from  work 

28 

Mental  health  care  costs  too  much 

21 

It  would  be  too  embarrassing* 

23 

It  would  harm  career* 

30 

Peers  might  have  less  confidence  in  me* 

25 

Boss  (superiors)  might  treat  me  differently* 

28 

Boss  (superiors)  might  blame  me* 

9 

1  would  be  seen  as  weak* 

31 

Mental  healthcare  doesn't  work 

6 

1  don't  have  childcare 

0 

*  Constitute  “stigma”  barriers 


9 


Seal,  Karen  MD,  MPH  W8 1XWH-05-2-0094 


Of  those  undergoing  baseline  assessment,  63  (72%)  screened  positive  for  at  least  one  mental 
health  disorder  and  of  these,  31  met  inclusion  criteria  and  were  randomized  for  the  trial:  17 
participants  were  randomized  to  the  MI  arm  and  14  participants  were  randomized  to  the  control 
arm.  Participants  in  the  RCT  were  contacted  again  at  1  and  3  months  for  motivational 
interviewing  versus  control  (psychoeducation)  and  again  at  6  months  for  assessment  only.  (See 
Figure  below.) 


Phase  1:  Enrollment,  Randomization  and  Follow-up 


103  Scheduled  for  phone  baseline  assessment 

15  No  Show 

88  completed  baseline  assessment 

57  excluded  from  RCT 

•  32  current  or  past  60-day  MH  Tx 

•  24  negative  on  MH  assessment 

•  1  moving  within  6  months 

31  enrolled  in  RCT 


Psycho-education  (n=14)  Motivational  Interviewing  (n=17) 

1 -month  follow-up  1 -month  follow-up 

n=13  (77) 

3-month  follow-up 
n=1 1  (66) 

6-month  follow-up 

:1°(71)  n=12  (71) 


Our  preliminary  analysis  of  the  primary  outcome,  mental  health  treatment  engagement,  reveals 
that  there  was  only  a  small  (non-significant)  difference  between  the  intervention  arm  (MI)  and 
control  arm:  7/17  (41%)  veterans  in  the  MI  and  5/14  (36%)  veterans  in  the  control  arm  had  at 
least  one  VA  or  non-VA  mental  health  visit  during  the  6-month  follow-up  period.  While,  our 
study  was  clearly  under-powered,  we  determined  that  the  effect  size  between  intervention  and 
control  was  not  great  enough  and  that  the  study  needed  modification  to  establish  proof  of 
concept  for  MI.  felt  that  the  trend  toward  increased  mental  health  treatment  engagement  in  the 
MI  arm  was  not  strong  enough  indicted  that  the  study  design  needed  to  be  modified. 

We  examined  secondary  outcomes,  change  in  mental  health  symptoms  and  functioning,  at  two  of 
the  subsequent  time  points  (3  and  6)  using  a  repeated  measures  analysis  (ANCOVA).  At  6 
months  we  found  a  borderline  statistically  significant  improvement  in  PTSD  symptoms  (p=0.08) 
and  in  social  (p=0.05)  and  mental  health  (p=0.03)  functioning  in  the  MI  group  compared  to 
control.  There  were  no  other  significant  changes  in  symptom  scores  however  between  the  two 
groups. 

Based  on  these  Phase  1  data,  we  have  made  several  small,  but  important  changes  to  the  RCT 
study  design.  First,  we  have  intensified  and  broadened  the  recruitment  strategy  to  achieve  aim  3. 
Second,  we  have  intensified  the  MI  intervention  by  re-training  interviewers,  opening  MI  with  a 
psychoeducation  component  (normative  feedback),  adding  an  additional  MI  session,  and 
lengthening  each  MI  session.  Third,  we  have  deleted  the  psychoeducational  component  from 
control  (too  similar  to  MI),  opting  for  brief  neutral  telephone  check-in  calls  instead.  Fourth,  we 
have  added  more  process  outcomes  to  capture  readiness  to  change  or  motivation  to  enter  mental 
health  treatment  or  to  make  other  positive  behavioral  changes.  Finally,  we  have  broadened  the 
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primary  outcome  to  also  include  engagement  in  veterans’  service  organizations  re-adjustment 
programs  for  OEF/OIF  veterans.  In  May,  2008  we  initiated  Phase  2  and  to  date,  have  interviewed 
43  OEF/OIF  participants  at  baseline  and  7  participants  have  entered  the  randomized  controlled 
trial.  With  Phase  1  and  2  pilot  data,  in  2009  we  will  apply  for  an  NIH  grant  to  expand  the  MI 
ROT. 

Current  Related  Studies: 

Currently,  we  are  using  national-level  VA  clinical  data  to  conduct  several  related  secondary  data 
analyses  of  this  accruing  population  of  OEF/OIF  veterans  with  mental  health  disorders  in 
collaboration  with  other  SFVAMC  investigators.  We  have  recently  submitted  a  manuscript 
describing  trends  in  the  prevalence  of  mental  health  disorders  in  OEF/OIF  veterans  from  2002- 
2008.  Of  289,328  Iraq  and  Afghanistan  veterans,  106,726  (36.9%)  received  mental  health 
diagnoses;  62,929  (21.8%)  were  diagnosed  with  post-traumatic  stress  disorder  (PTSD)  and 
50,432  (17.4%)  with  depression.  Adjusted  2-year  prevalence  rates  of  PTSD  increased  4-7  times 
after  the  invasion  of  Iraq.  Active  duty  veterans  <  age  25  had  the  highest  rates  of  PTSD,  alcohol 
and  drug  use  disorder  diagnoses  compared  to  active  duty  veterans  >  age  40  [adjusted  relative  risk 
(ARR)  =  2. 0-4. 9].  Women  were  at  higher  risk  for  depression  than  men,  while  men  were  over 
twice  the  risk  for  drug  use  disorders.  Proxies  for  greater  combat  exposure  were  associated  with 
higher  risk  for  PTSD  in  active  duty  veterans.  A  second  manuscript  is  under  review  that 
compares  medical  health  services  utilization  in  OEF/OIF  veterans  with  and  without  mental 
health  disorders  and  PTSD.  We  have  recently  completed  a  third  data  analysis  of  VA  mental 
health  services  utilization  in  OEF/OIF  veterans  with  mental  health  and  PTSD  diagnoses  and  are 
preparing  a  manuscript  for  publication.  Other  active  or  planned  analyses  include:  (1)  the 
prevalence  and  predictors  of  mental  health  disorders  in  women  OEF/OIF  veterans  and  their 
unique  patterns  of  mental  health  utilization  (Dr.  S  Maguen-lead),  (2)  the  prevalence  of 
cardiovascular  risk  factors  in  OEF/OIF  veterans  (Dr.  B  Cohen-lead),  and  (3)  the  association  of 
sleep  disorders  and  PTSD  in  returning  combat  veterans  (Dr.  T  Neylan-lead). 


KEY  RESEARCH  ACCOMPLISHMENTS 


We  are  very  grateful  for  our  original  DoD  pilot  funding  as  this  initial  funding  has  resulted  in 
additional  funding  and  projects,  manuscripts,  national  and  international  scientific  presentations, 
several  new  related  projects  in  development  and  participation  in  local  and  national  committees 

CURRENT  FUNDING 

1 .  W8 1XWH-05-2-0094  (PI)  09/06-08/08 

Department  of  Defense  $143,000  direct/yr  1 

The  Neuropsychiatric  Consequences  of  War  $286,000  direct/yrs  1-2 

among  Veterans  Returning  from  Combat  in  Iraq  and  Afghanistan 


2.  VA  Career  Development  Transition  Award  (PI) 

Department  of  Veterans  Affairs 

Facilitating  Mental  Health  Treatment  for  OEF/OIF  Veterans 


02/01/07-02/28/09 
$195,200  direct/yr  1 
$390,400  direct/yrs  1-2 


3.  MN078889-01  (PI) 

VA  CSR&D  MERIT 

Motivational  Interviewing  to  Engage  OEF/OIF  Veterans  in 
Mental  Health  Treatment 


07/07-10/10 
$  1 50,000  direct/yr  1 
$450,000  direct/yrs  1  -3 
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RECENTLY  FUNDED  OR  APPROVED  FOR  FUNDING 


4.  PT-073238  (PI) 

Congressionally  Directed  Medical  Research  Program  (CDMRP) 
Integrating  Mental  Health  and  Primary  Care  Services  for 
OEF/OIF  Combat  Veterans  with  PTSD  and  Co-Morbid 
Disorders:  Assessing  the  Evidence 

5.  PT-075369  (PI) 

Congressionally  Directed  Medical  Research  Program  (CDMRP) 
Does  Integrating  Primary  Care  and  Mental  Health  Services 
Improve  Mental  Health  Services  Utilization,  Symptoms  and 
Functioning  among  OEF/OIF  Veterans? 


09/08-08/10 
$100,000  direct/yr  1 
$150,000  direct/yrs  1-1  14 


09/08-08/11 
$100,000  direct  yr  1 
$300,000  direct,  yrs  1-3 


6.  PT-O73505  (Co-Investigator)  09/08-08/10 

Congressionally  Directed  Medical  Research  Program  (CDMRP)  $100,000  direct  yr  1 

The  Prevalence  and  Incidence  of  PTSD  in  OEF/OIF  Women  $150,000  direct  yrs  1-1  14 
Combat  Veterans 


7.  NCIRE/DoD  Neuroscience  Center  of  Excellence,  (Co-Investigator)  09/08-09/10 

Disentangling  the  Relationship  between  Traumatic  Brain  Injury,  150,000,  direct  yr  1 

PTSD,  and  Other  Mental  Health  Disorders.  300,000,  direct  yrs  1-2 

Scientific  Manuscripts  and  Invited  Articles: 

Seal,  KH,  Bertenthal  D,  Miner  CR,  Sen  S,  Marmar  C.  Bringing  the  war  back  home:  mental 
health  disorders  among  103,788  us  veterans  returning  from  Iraq  and  Afghanistan  seen  at  VA 
facilities,  Arch  Intern  Med.  Mar  12;167  (5):476-82,  2007. 

Seal  KH,  Bertenthal  D,  Maguen  S,  Gima  K,  Chu  A,  Marmar  CR.  Getting  beyond  ‘don’t  ask, 
don’t  tell’:  an  evaluation  of  VA  post-deployment  mental  health  screening  of  veterans  returning 
from  Iraq  and  Afghanistan.  Am  J  Public  Health.  98(4):  714-20,  Apr  2008. 

Seal  KH,  Maguen  S,  Bertenthal  D,  Gima  K,  Marmar  CR.  Response  to  Letter  to  the  Editor  by 
Rona.  Am  J  Public  Health.  Sep  2008;  98:  1542  -  1543. 

Seal  KH,  Metzler  TJ,  Gima  K,  Bertenthal  D,  Maguen  S,  Marmar  CR.  Growing  burden  of  mental 
disorders  among  Iraq  and  Afghanistan  veterans:  Trends  and  risk  factors  for  mental  health 
diagnoses  in  new  users  of  VA  healthcare,  2002-2008.  Manuscript  under  review. 

Cohen  BE,  Kim  S,  Bertenthal  D,  Marmar  CR,  Seal  KH.  Higher  rates  of  VA  non-mental  health 
services  utilization  in  Iraq  and  Afghanistan  veterans  with  PTSD.  Manuscript  under  review. 

Related  National  and  International  Presentations 


•  Seal  KH,  “Challenges  to  Detection  and  Management  of  PTSD  and  Other  Mental  Disorders 
in  Primary  Care”,  VA  Integrated  Primary  Care  Mental  Health  Care  Conference,  Seattle,  WA, 
August,  2008. 
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•  Seal  KH,  “Integrated  Care  for  OEF/OIF  Veterans:  Building  a  New  Clinic”,  VA  Integrated 
Primary  Care  Mental  Health  Care  Conference,  Seattle,  WA,  August,  2008. 

•  Seal  KH,  “Success  of  Integrated  Primary  Care  Mental  Health  Clinic  for  Iraq  and  Afghanistan 
Veterans  with  Co-Morbid  PTSD  and  Traumatic  Brain  Injury,  Brain  at  War  Conference, 
SFVAMC,  May  2008 

•  Seal  KH,  Metzler  TJ,  Gima  K,  Bertenthal  D,  Maguen  S,  Mannar  CR.  The  Prevalence  and 
Incidence  of  Mental  Health  Disorders  Following  the  US  Invasion  of  Afghanistan  and  Iraq  in  over 
200,000  New  Veterans  Utilizing  VA  Healthcare,  2002-2007.  Oral  presentation  at  the  VA 
HSR&D  National  Conference,  February  15,  2008,  Baltimore,  MD. 

•  Seal  KH.  “Bringing  the  War  Back  Home:  PTSD  and  Mental  Health  Problems  among 
Veterans  Returning  from  Iraq  and  Afghanistan.  Invited  presentation  for  the  University  of 
California,  San  Francisco  “Iraq  War  Teach-In,”  May,  9.  2007. 

•  Seal  KH,  Bertenthal  D,  Chu  A,  Gima  K,  Marmar,  C.  VA  Post-Deployment  Screening  for 
Mental  Health  Disorders  among  Veterans  Returning  from  Iraq  and  Afghanistan-  Are  We  Doing  a 
Good  Job?  Oral  presentation  at  Society  for  General  Internal  Medicine  30th  Annual  Meeting, 
Toronto,  Canada,  April  25-28,  2007. 

•  Seal  KH.  Suicide  Risk  in  Primary  Care:  Assessment  and  Management.  Grand  Rounds 
Presentation  for  National  Suicide  Prevention  Awareness  Day,  San  Francisco  VA  Medical  Center, 
March  26,  2007 

•  Seal  KH,  Bertenthal  D,  Chu  A,  Gima  K,  Marmar,  C.  OEF/OIF  Veterans  with  PTSD  are  High 
Utilizers  of  Non-Mental  Health  VA  Services.  Poster  presentation  at  VA  HSR&D  National 
Conference,  February  23,  2007,  Arlington,  VA. 

•  Seal  KH.  Bringing  the  War  Back  Home:  PTSD  and  Mental  Health  Disorders  among 
Veterans  Returning  from  Iraq  and  Afghanistan,  Invited  Presentation  for  VA  Research  Week,  San 
Francisco  VA  Medical  Center,  May  5,  2006 

•  Seal  KH,  Bertenthal  D,  Miner  CR,  Sen  S,  Marmar  C.  Mental  Health  Disorders  among 
Veterans  of  Operations  Iraqi  Freedom  and  Enduring  Freedom.  Plenary  Talk  at  the  Society  for 
General  Internal  Medicine  Conference,  April,  2006,  Los  Angeles,  California. 

•  Seal  KH,  Miner  CR,  Chu  A,  Bertenthal  D.  VA  Post-Deployment  Screening  and  Treatment 
Referral  of  OEF/OIF  Veterans:  How  Well  Are  We  Doing?  Oral  presentation  at  VA  HSR&D 
National  Conference,  2006,  Arlington,  VA. 

Committee/Clinical  Participation/Leadership: 

•  PTSD/TBI  research  working  group  VISN  21 

•  Operations  Enduring  Freedom/Operations  Iraqi  Freedom,  SFVAMC  Hospital  Steering 
Committee  (2007-current). 
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•  National  VA  Substance  Use  Disorders  QUERI-PTSD  working  group  (2007-current). 


REPORTABLE  OUTCOMES 

Mental  health  diagnoses  in  OEF/OIF  veterans  using  VA  facilities 

1)  Through  September  30,  2005,  inl03,788  veterans  of  Iraq  and/or  Afghanistan,  32,010  (31%) 
received  mental  health  and/or  psychosocial  diagnoses;  the  majority  receiving  multiple  mental 
health  diagnoses. 

2)  The  prevalence  of  mental  health  diagnoses  among  OEF/OIF  veterans  continues  to  increase: 
through  March  2008,  37%  received  mental  health  diagnoses;  PTSD  being  the  most  common, 
followed  closely  by  depression. 

3)  The  youngest  group  of  OEF/OIF  veterans  (18-24  years)  reamin  at  greatest  risk  for  receiving 
mental  health  diagnoses,  including  PTSD,  alcohol  or  substance  use  disorder  diagnoses  compared 
to  veterans  aged  >  40  years.  Women  OEF/OIF  veterans  are  significantly  more  likely  to  report 
depression  than  their  male  counterparts. 

VA  post-deployment  mental  health  screening 

4)  From  June  1,  2004  through  June  30,  2006,  among  750  Iraq  and  Afghanistan  veterans,  338 
(45%)  underwent  post-deployment  screening.  Having  been  seen  in  primary  care  and  at  a  VA 
community  clinic  was  associated  with  higher  rates  of  screening,  while  African  American 
veterans  were  less  likely  to  be  screened  than  Caucasian  veterans. 

5)  Of  233  veterans  screening  positive,  170  (73%)  ultimately  completed  a  mental  health  follow-up 
visit.  Based  on  data  from  one  VA  facility,  post-deployment  mental  health  screening  increases 
mental  health  visits  among  returning  veterans. 

Motivational  interviewing  in  OEF/OIF  veterans  to  overcome  barriers  to  care 

6)  Motivational  interviewing  shows  promise  as  a  technique  to  enhance  mental  health  treatment 
engagement  in  OEF/OIF  veterans  who  screen  positive  for  mental  health  disorders. 


CONCLUSIONS 

The  purpose  of  this  DoD  study  is  to  describe  the  VA  post-deployment  screening  process  and  to 
determine  whether  the  national  VA  post-deployment  screening  program  facilitates  follow-up 
mental  health  assessment  for  OIF/OEF  veterans  screening  positive  for  symptoms  of  mental 
health  disorders.  Our  preliminary  results  indicate  that  a  substantial  proportion  of  OIF/OEF 
veterans  screen  positive  for  symptoms  of  co-occurring  mental  health  problems,  suggesting  that 
the  VA  screens  may  help  overcome  a  “don’t  ask,  don’t  tell”  climate  surrounding  stigmatized 
mental  illness.  Moreover,  OIF/OEF  veterans  screening  positive  are  far  more  likely  than  veterans 
screening  negative  or  not  screened  at  all  to  attend  follow-up  mental  health  appointments  within 
90  days  of  screening.  Nevertheless,  there  are  several  areas  for  potential  improvement  in  the 
screening  program.  First,  fewer  than  half  of  OIF/OEF  veterans  seen  at  these  VA  facilities  were 
screened,  and  efforts  should  be  made  to  better  understand  differential  screening  rates.  Second,  a 
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high  proportion  of  those  screened  were  positive  for  co-occurring  mental  health  symptoms,  yet 
less  than  half  received  a  scheduled  appointment  within  30  days  and  less  than  one-quarter 
attended  a  VA  mental  health  clinic  appointment  within  90  days  of  the  post-deployment  screen. 
In  sum,  these  preliminary  results  suggest  that  improvements  are  needed  in  the  VA  OIF/OEF 
post-deployment  screening  program  with  an  emphasis  on  minimizing  barriers  to  receiving 
psychological  care.  Through  telephone  interviews  with  OEF/OIF  veterans  in  Northern 
California,  we  will  validate  the  VA  post-deployment  screen  and  will  continue  explore  barriers  to 
mental  health  treatment.  In  a  related  randomized  controlled  trial  funded  by  the  VA,  we  will 
evaluate  the  effectiveness  of  telephone-administered  motivational  interviewing  to  increase 
engagement  in  mental  health  care  among  veterans  screening  positive  for  symptoms  of  mental 
health  disorders. 
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ORIGINAL  INVESTIGATION 


Bringing  the  War  Back  Home 

Mental  Health  Disorders  Among  103  788  US  Veterans  Returning  From  Iraq  and 
Afghanistan  Seen  at  Department  of  Veterans  Affairs  Facilities 

Karen  H.  Seal,  MD,  MPH;  Daniel  Bertenthal,  MPH;  Christian  R.  Miner,  PhD;  Saunak  Sen,  PhD;  Charles  Marmar,  MD 


Background:  Veterans  of  Operations  Enduring  Free¬ 
dom  and  Iraqi  Freedom  (OEF/OIF)  have  endured  high 
combat  stress  and  are  eligible  for  2  years  of  free  military 
service-related  health  care  through  the  Department  of 
Veterans  Affairs  (VA)  health  care  system,  yet  little  is 
known  about  the  burden  and  clinical  circumstances  of 
mental  health  diagnoses  among  OEF/OIF  veterans  seen 
at  VA  facilities. 

Methods:  US  veterans  separated  from  OEF/OIF  mili¬ 
tary  service  and  first  seen  at  VA  health  care  facilities  be¬ 
tween  September  30,  2001  (US  invasion  of  Afghani¬ 
stan),  and  September  30,  2005,  were  included.  Mental 
health  diagnoses  and  psychosocial  problems  were  as¬ 
sessed  using  International  Classification  of  Diseases,  Ninth 
Revision,  Clinical  Modification  codes.  The  prevalence  and 
clinical  circumstances  of  and  subgroups  at  greatest  risk 
for  mental  health  disorders  are  described  herein. 

Results:  Of  103  788  OEF/OIF  veterans  seen  at  VA  health 
care  facilities,  25  658  (25%)  received  mental  health  di¬ 


agnosis  (es);  56%  of  whom  had  2  or  more  distinct  men¬ 
tal  health  diagnoses.  Overall,  32  010  (31%)  received  men¬ 
tal  health  and/or  psychosocial  diagnoses.  Mental  health 
diagnoses  were  detected  soon  after  the  first  VA  clinic  visit 
(median  of  13  days),  and  most  initial  mental  health  di¬ 
agnoses  (60%)  were  made  in  nonmental  health  clinics, 
mostly  primary  care  settings.  The  youngest  group  of  OEF/ 
OIF  veterans  (age,  18-24  years)  were  at  greatest  risk  for 
receiving  mental  health  or  posttraumatic  stress  disorder 
diagnoses  compared  with  veterans  40  years  or  older. 

Conclusions:  Co-occurring  mental  health  diagnoses  and 
psychosocial  problems  were  detected  early  and  in  pri¬ 
mary  care  medical  settings  in  a  substantial  proportion  of 
OEF/OIF  veterans  seen  at  VA  facilities.  Targeted  early  de¬ 
tection  and  intervention  beginning  in  primary  care  set¬ 
tings  are  needed  to  prevent  chronic  mental  illness  and 
disability. 
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Recent  military  opera- 
tions  in  Iraq  and  Afghani¬ 
stan  represent  the  most  sus- 
tained  ground  combat 
operations  involving  Ameri¬ 
can  forces  since  the  Vietnam  era.1,2  The  ma¬ 
jority  of  military  personnel  experience  high- 
intensity  guerrilla  warfare  and  the  chronic 
threat  of  roadside  bombs  and  improvised  ex¬ 
plosive  devices.1,2  Some  soldiers  endure  mul¬ 
tiple  tours  of  duty,  many  experience  trau¬ 
matic  injury,  and  more  of  the  wounded 
survive  than  ever  before.3'5  Reports  have  sug¬ 
gested  high  rates  of  mental  health  disor¬ 
ders  including  posttraumatic  stress  disor¬ 
der  (PTSD),  depression,  and  alcohol  use 
disorders  among  active  duty  military  per¬ 
sonnel  and  veterans  of  Operation  Iraqi  Free¬ 
dom  (OIF)  and,  to  a  lesser  extent,  Opera¬ 
tion  Enduring  Freedom  (OEF).3,5'7 

Separated  OEF/OIF  veterans  are  eli¬ 
gible  for  2  years  of  free  military  service- 


related  health  care  through  the  Depart¬ 
ment  of  Veterans  Affairs  (VA).  Nevertheless, 
there  have  been  no  recent  detailed  reports 
in  the  medical  literature  to  describe  the 
prevalence  of  single  and  co-occurring  men¬ 
tal  health  diagnoses  and  psychosocial  prob¬ 
lems  among  OEF/OIF  veterans  seen  at  VA 
facilities  after  returning  from  Iraq  and  Af¬ 
ghanistan.  This  information  is  critical  to  de¬ 
veloping  targeted  programs  for  early  detec¬ 
tion  and  intervention  to  prevent  chronic 
mental  illness  among  OEF/OIF  veterans. 
The  aim  of  this  study  was  to  (1)  describe 
the  proportion  of  OEF/OIF  veterans  seen  in 
VA  facilities  who  have  received  single  or 
multiple  mental  health  and/or  psychoso¬ 
cial  diagnoses  and  the  timing  and  clinical 
setting  of  first  mental  health  diagnoses  and 
(2)  identify  subgroups  of  OEF/OIF  veter¬ 
ans  at  high  risk  for  receiving  mental  health 
diagnoses  after  returning  from  military  ser¬ 
vice  in  Iraq  and/or  Afghanistan. 
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METHODS 


STUDY  POPULATION 

The  present  study  includes  OEF/OIF  veterans  who  are  new  us¬ 
ers  of  the  VA  health  care  system  and  included  in  the  VA  OEF/ 
OIF  Roster  database  (N=  165  351  as  of  November  1, 2005,  when 
we  accessed  the  OEF/OIF  Roster).8  For  an  OEF/OIF  veteran 
to  be  included  in  the  VA  OEF/OIF  Roster,  the  veteran  must  (1) 
be  listed  in  the  most  recent  enrollment  file  provided  by  the  VA 
Health  Eligibility  Center  or  have  had  a  VA  clinic  visit  and/or 
(2)  be  included  in  the  US  Department  of  Defense,  Defense  Man¬ 
power  Data  Center  database.  The  Defense  Manpower  Data  Cen¬ 
ter  database  of  the  Department  of  Defense  lists  veterans  sepa¬ 
rated  from  OEF/OIF  service,  and  as  of  November  2005,  29% 
had  accessed  VA  health  care.9  Approximately  half  of  the  VA  OEF/ 
OIF  Roster  derives  from  both  sources  (Defense  Manpower  Data 
Center  and  VA  Health  Eligibility  Center),  and  about  half  de¬ 
rives  from  Defense  Manpower  Data  Center  only. 

More  than  half  (53%)  of  the  veterans  included  in  the  roster 
lacked  OEF/OIF  service  separation  dates.  Because  we  were  in¬ 
terested  in  mental  health  diagnoses  and  psychosocial  problems 
associated  with  military  service  in  Iraq  and  Afghanistan,  we  de¬ 
fined  our  study  population  as  veterans  first  seen  at  a  VA  facility 
after  September  30,  2001  (the  date  of  the  US  invasion  of  Afghani¬ 
stan)  through  December  31,  2005,  but  excluded  veterans  listed 
in  the  VA  OEF/OIF  Roster  if  they  (1)  were  listed  in  the  VA  Health 
Eligibility  Center  database  only  (n=6369)  (because  OEF/OIF  ser¬ 
vice  could  not  be  corroborated  with  Department  of  Defense  data), 
(2)  had  a  visit  to  a  VA  facility  before  September  30,  2001 
(n=24  172),  or  before  to  their  OEF/OIF  service  separation  date 
(n=  16  087),  and  (3)  had  not  been  seen  at  a  VA  facility  by  Sep¬ 
tember  30, 2005  (n=  14  810).  The  study  was  approved  by  the  Com¬ 
mittee  on  Human  Research,  University  of  California,  San  Fran¬ 
cisco,  and  the  San  Francisco  VA  Medical  Center. 

SOURCE  OF  DATA 

The  VA  OEF/OIF  Roster  includes  information  on  veterans’  sex, 
race,  date  of  birth,  service  separation  date,  and  armed  forces 
component  (National  Guard  or  Reserve  vs  active  duty).  Both 
components  are  voluntary,  although  active  duty  members  join 
as  full-time  personnel,  whereas  members  of  the  National  Guard 
and  Reserve  join  as  part-time  personnel  who  then  become  full¬ 
time  when  called  to  duty. 

Encrypted  social  security  numbers  of  103  788  OEF/OIF  vet¬ 
erans  listed  in  the  OEF/OIF  Roster  database  were  used  to  link 
to  VA  administrative  and  clinical  data  contained  within  the  VA 
National  Patient  Care  Database  (NPCD)  and  Fee  Basis  rec¬ 
ords.  National  VA  databases  have  been  used  extensively  in  epi¬ 
demiological  studies  to  describe  patterns  of  disease  and  health 
care  utilization  among  veterans.1011  Clinical  data  contained 
within  the  VA  NPCD  are  derived  from  outpatient  and  inpa¬ 
tient  visits  to  any  of  the  nearly  1300  VA  health  care  facilities 
nationwide,  and  fee  basis  records  represent  care  rendered  at 
other  health  care  facilities  reimbursed  by  the  VA.  For  all  VA 
visits,  an  electronic  record  is  generated  that  includes  the 
date  of  the  visit,  outpatient  clinic  or  inpatient  type,  and  the  di- 
agnosis(es)  associated  with  the  visit  coded  using  the  Interna¬ 
tional  Classification  of  Diseases,  Ninth  Revision,  Clinical  Modi¬ 
fication  (ICD-9-C M)  codes.  Mental  health  clinic  visits  were 
defined  as  all  outpatient  and  inpatient  visits  to  mental  health 
and  substance  abuse  services,  while  nonmental  health  visits  were 
either  outpatient  visits  or  inpatient  admissions  to  nonmental 
health  services.  Currently,  available  VA  databases  lacked  data 
regarding  income,  education,  duration  of  military  service,  mili¬ 
tary  rank,  branch,  and  pay  grade  for  OEF/OIF  veterans. 


The  ICD-9-CM  codes  associated  with  specific  VA  inpatient 
and  outpatient  visits  were  used  to  categorize  mental  health  di¬ 
agnoses  as  they  accrued  from  the  date  of  the  first  VA  visit  to  De¬ 
cember  31,  2005.  We  allowed  for  up  to  10  distinct  ICD-9-C M 
codes  for  each  inpatient  or  outpatient  encounter.  Mental  health 
diagnoses  were  defined  as  any  ICD-9-CM  diagnosis  from  290.0 
to  319.0,  corresponding  to  the  Diagnostic  and  Statistical  Manual 
of  Mental  Disorders,  Fourth  Edition,  Revised  ( DSM-IV-R ) . 12  In  ad¬ 
dition,  we  examined  several  individual  ICD-9-CM  mental  health 
diagnostic  categories  that  have  been  associated  with  military  ser¬ 
vice2’3513:  anxiety  disorders,  PTSD,  depressive  disorders,  sub¬ 
stance  use  disorders  (which  included  alcohol  and  illicit  drug  abuse 
and  dependence  but  excluded  nicotine  dependence) ,  acute  stress 
reaction,  adjustment  disorders,  and  other  mental  health  diag¬ 
noses.  The  category  “other  mental  health  diagnoses”  comprised 
all  ICD-9-CM  mental  health  diagnoses  excluding  the  military 
service-related  categories  listed  previously .  The  category  “psy¬ 
chosocial  or  behavioral  problems”  consisted  of  selected  ICD-9- 
CM  V-codes,  a  supplementary  classification  used  to  describe 
problems  that  are  a  focus  for  mental  health  treatment  but  are  not 
considered  mental  health  diagnoses. 1415  Because  ICD-9-CM  codes 
maybe  considered  provisional  or  “rule-out”  diagnoses,  we  evalu¬ 
ated  the  proportion  of  diagnoses  that  were  assigned  on  2  or  more 
separate  clinical  encounters.  Also,  if  a  mental  health  diagnosis 
was  initially  made  in  a  nonmental  health  care  setting,  we  deter¬ 
mined  the  proportion  that  subsequently  received  the  same  men¬ 
tal  health  diagnosis  at  a  follow-up  mental  health  visit. 


STATISTICAL  ANALYSES 

This  was  a  descriptive  analysis  of  the  prevalence,  clinical  setting, 
and  timing  of  mental  health  diagnoses  among  OEF/OIF  veter¬ 
ans  who  were  new  users  of  VA  health  care.  We  also  determined 
the  relative  risks  (RRs)  and  95%  confidence  intervals  (CIs)  of 
receiving  mental  health  diagnoses  associated  with  various  so¬ 
ciodemographic  and  military  service  characteristics.  Because  of 
the  large  sample  size,  nearly  all  comparisons  between  subgroups 
were  statistically  significant,  and  for  this  reason,  we  examined 
effect  sizes  to  determine  what  constituted  clinically  meaning¬ 
ful  differences  between  subgroups.  Moreover,  because  the  mea¬ 
sured  demographic  characteristics  (eg,  age)  may  serve  as  mark¬ 
ers  for  other  unmeasured  characteristics  (eg,  combat  exposure) 
and  the  relationships  between  measured  and  unmeasured  co¬ 
variates  are  complex,  multivariable  adjustment  has  the  poten¬ 
tial  to  mislead.  Instead,  we  calculated  stratum-specific  RRs  (using 
strata  defined  by  combinations  of  observed  characteristics),  en¬ 
abling  us  to  identify  subgroups  of  OEF/OIF  veterans  at  increased 
risk  for  receiving  mental  health  and  PTSD  diagnoses.  All  statis¬ 
tical  analyses  were  conducted  using  STATA  software,  version 
8.2  (StataCorp,  College  Station,  Tex). 


RESULTS 


CHARACTERISTICS  AND  VA  HEALTH  SERVICES 
UTILIZATION  OF  OEF/OIF  VETERANS 

Table  1  gives  the  sociodemographic  and  military  service- 
related  characteristics  of  103  788  OEF/OIF  veterans  seen 
at  VA  facilities  nationwide.  A  substantial  minority  were 
women  (13%) ;  more  than  half  were  younger  than  30  years 
(54%);  nearly  one  third  were  members  of  ethnic  minor¬ 
ity  groups;  and  nearly  half  were  veterans  of  the  National 
Guard  or  Reserve  components. 

Service  separation  data  were  available  for  47%  of  the 
study  population,  and  of  these,  the  median  time  from  OEF 
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Table  1.  Characteristics  of  OEF/OIF  Veterans  Seen 
at  VA  Health  Care  Facilities 

Characteristic 

No.  (%)  of  Veterans 
(n  =  103  788) 

Sex 

Male 

90117  (87) 

Female 

13  652  (13) 

Age,  y 

18-24 

27167  (26) 

25-29 

29185  (28) 

30-39 

22  230  (22) 

>40 

25  206  (24) 

Race 

White 

68  765  (69) 

Black 

18165(18) 

Hispanic 

11410(11) 

Other* 

2155  (2) 

Marital  status! 

Never  married 

35  249  (47) 

Married 

32  434  (43) 

Divorced 

7124(10) 

Separated  or  widowed 

267  (0.4) 

Service  type 

Active  duty 

54  387  (52) 

National  Guard/Reserve 

49401  (48) 

Service  end  date! 

Oct  2001-Nov  2002 

282  (0.6) 

Nov  2002— Oct  2003 

4803  (10) 

Nov  2003— Oct  2004 

24  239  (50) 

Nov  2004— Oct  2005 

19165  (40) 

Abbreviations:  OEF/OIF,  Operations  Enduring  Freedom  and  Iraqi  Freedom; 
VA,  Department  of  Veterans  Affairs. 

*Race  categories  in  the  OEF/OIF  Roster  are  crude.  “Other”  refers  to  ethnic 
minority  groups  other  than  blacks  and  Hispanics. 
fA  total  of  28  714  veterans  (28%)  lacked  data  for  marital  status. 

JA  total  of  55  299  veterans  (53%)  lacked  data  for  service  end  date. 


or  OIF  service  separation  to  the  first  VA  clinic  visit  was 
2.9  months  (intraquartile range  [IQR] ,  1. 3-6.0  months). 
Among  all  103  788  OEF/OIF  veterans,  the  median  time 
in  the  VA  system  from  the  first  VA  clinic  visit  until  the 
study  end  date  (December  30, 2005)  was  7.8  months  (IQR, 
2.9-14.5  months).  Most  (103  520  [99.7%])  had  a  clinic 
visit  to  a  VA  facility,  while  9941  (10%)  had  visits  to  out¬ 
side  facilities  reimbursed  by  the  VA.  Nearly  all  OEF/ 
OIF  veterans  (103  734  [99%])  had  an  outpatient  visit, 
while  3213  (3%)  also  had  an  inpatient  visit. 


MENTAL  HEALTH  DIAGNOSES  AMONG  OEF/OIF 
VETERANS  SEEN  AT  VA  FACILITIES 

Table  2  gives  the  mental  health  diagnoses  among  103  788 
OEF/OIF  veterans.  Overall,  25  658  (25%)  received  1  or 
more  distinct  mental  health  diagnoses.  The  median  num¬ 
ber  of  different  diagnoses  was  3  (IQR,  1-7);  44%  had  a 
single  mental  health  diagnosis,  29%  had  2  different  di¬ 
agnoses,  and  27%  had  3  or  more  different  mental  health 
diagnoses.  Of  those  receiving  mental  health  diagnoses, 
18  582  (72%)  had  the  same  diagnosis  made  at  2  or  more 
separate  encounters.  The  single  most  common  mental 
health  diagnosis  was  PTSD,  coded  in  13  205  OEF/OIF 
veterans,  representing  52%  of  those  receiving  mental 
health  diagnoses  and  13%  of  all  OEF/OIF  veterans  in  our 
study  population.  When  we  broadened  our  definition  of 
“mental  health  problems”  to  include  those  with  a  men¬ 
tal  health  diagnosis  and/or  those  receiving  a  V-code,  rep¬ 
resenting  a  psychosocial  problem,  overall,  32  010  OEF/ 
OIF  veterans  (31%)  were  coded  as  having  “mental  health 
problems.” 

CLINICAL  SETTING  OF  MENTAL  HEALTH 

DIAGNOSES  AMONG  OEF/OIF  VETERANS 

Table  2,  columns  2  and  3,  gives  the  proportions  of  vet¬ 
erans  with  mental  health  diagnoses  and  psychosocial  prob¬ 
lems  (V-codes)  that  were  assessed  in  mental  health  vs  non¬ 
mental  health  settings.  The  majority  of  all  mental  health 
diagnoses  (60%)  were  first  made  in  nonmental  health  set¬ 
tings;  42%  were  made  in  primary  care  settings;  and  18% 
were  made  in  other  settings. 

Table  2,  column  4,  gives  the  proportions  of  veterans 
having  a  subsequent  mental  health  visit  if  the  initial  men¬ 
tal  health  diagnosis  occurred  in  a  nonmental  health  set¬ 
ting.  Column  5  shows  the  proportion  of  these  subse¬ 
quent  mental  health  visits  that  resulted  in  the  same  mental 
health  diagnosis  as  first  assigned  in  the  nonmental  health 
setting.  Overall,  of  veterans  first  receiving  mental  health 
diagnoses  in  nonmental  health  settings,  the  majority  (61%) 
subsequently  had  a  mental  health  visit,  and  92%  of  these 
veterans  received  the  same  mental  health  diagnosis  first 
made  in  the  nonmental  health  setting. 

PREDICTORS  FOR  RECEIVING  MENTAL 
HEALTH  DIAGNOSES 


MENTAL  HEALTH  SERVICES  UTILIZATION  AND 
TIME  TO  FIRST  MENTAL  HEALTH  DIAGNOSIS 

Of  103  788  OEF/OIF  veterans,  25  396  (25%)  had  an 
outpatient  mental  health  visit  during  the  study  period. 
Of  note,  5059  OEF/OIF  veterans  (5%)  were  seen  in 
mental  health  clinics  but  did  not  receive  a  mental 
health  diagnosis.  Of  the  3213  OEF/OIF  veterans  with 
an  inpatient  visit,  1390  (43%)  were  admitted  with  the 
primary  diagnosis  of  a  mental  health  disorder.  The 
median  time  from  the  first  VA  visit  to  the  first  mental 
health  diagnosis  was  13  days  (IQR,  0-118  days).  Of 
those  receiving  mental  health  diagnoses,  10  394  (41%) 
received  mental  health  diagnoses  on  their  first  VA  clinic 
visit. 


Table  3  shows  that,  with  the  exception  of  age  sub¬ 
groups,  differences  across  subgroups  of  OEF/OIF  veter¬ 
ans  regarding  risk  for  receiving  mental  health  or  PTSD 
diagnoses  were  minimal.  Figure  1  illustrates  that  the 
absolute  mean  difference  among  racial  subgroups  and  be¬ 
tween  male  and  female  veterans  varied  by  no  more  than 
2%.  When  stratified  by  component  (active  duty  vs  Na¬ 
tional  Guard  and  Reserve),  Figure  2  shows  that  among 
veterans  of  active  duty  service,  those  in  the  younger  age 
groups  were  at  higher  risk  of  receiving  mental  health  and 
PTSD  diagnoses  compared  with  those  in  the  oldest  age 
group  (>40  years)  (P  value  for  trend,  <.01).  The  young¬ 
est  group  of  active  duty  veterans  (age,  18-24  years)  had 
a  significantly  higher  risk  of  receiving  1  or  more  mental 
health  diagnoses  (RR,  3.32;  95%  Cl,  3.12-3.54)  and  PTSD 
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Table  2.  Mental  Health  (MH)  Diagnoses  and  Psychosocial/Behavioral  Problems  Among  OEF/OIF 

Veterans  Seen  at  VA  Health  Care  Facilities* 

Diagnosis 

OEF/OIF  Veterans 
(N  =  103788) 

OEF/OIF  Veterans  With 
First  MH  Diagnosis 
in  Non-MH  Setting 

MH  Visit  If  First  MH 
Diagnosis  in 
Non-MH  Setting 

Same  MH  Diagnosis  on  MH 
Visit  If  First  Diagnosis 
in  Non-MH  Setting 

>1  MH  diagnosis(es)*f 

25  658/103  788  (25) 

15347/25  658  (60) 

9287/15  347  (61) 

8543/9287  (92) 

1  MH  diagnosis 

11319(44) 

2  MH  diagnoses 

7342  (29) 

>3  MH  diagnoses 

6997  (27) 

MH  diagnosis!: 

PTSD 

13  205  (13) 

5844  (44) 

4198  (72) 

3925  (94) 

Anxiety  disorder 

6267  (6) 

3131  (50) 

2014  (64) 

1897  (94) 

Adjustment  disorder 

5936  (6) 

1451  (24) 

857  (59) 

780  (91) 

Depression 

5405  (5) 

1456  (27) 

1018(70) 

966  (95) 

Substance  use  disorder 

4878  (5) 

2419  (50) 

1396  (58) 

1310(94) 

Other  MH  diagnosis(es)§ 

12  447  (12) 

8141  (65) 

5157  (63) 

4795  (93) 

V-code  diagnosis(es)  || 

13211  (13) 

9333  (71) 

3172  (34) 

2683  (85) 

Total  with  MH  and/or  V-code  diagnoses 

32  010  (31) 

21  447  (67) 

10386  (48) 

9302  (90) 

Abbreviations:  OEF/OIF,  Operations  Enduring  Freedom  and  Iraqi  Freedom;  PTSD,  posttraumatic  stress  disorder;  VA,  Department  of  Veterans  Affairs. 

*Data  are  given  as  number  (percentage)  of  veterans.  The  first  row  shows  denominators  to  demonstrate  how  the  table  is  constructed.  Column  1  gives  MH 
diagnoses  among  103788  OEF/OIF  versions.  Column  2  gives  row  percentages  to  describe  the  proportion  of  OEF/OIF  veterans  who  received  their  first  MH 
diagnosis  in  a  non-MFI  setting.  The  last  2  columns  give  row  percentages  to  describe  the  proportion  of  OEF/OIF  veterans  who  had  a  follow-up  mental  health  visit  if 
the  first  mental  health  diagnosis  occurred  in  a  nonmental  health  setting  and  the  proportion  of  these  who  received  the  same  mental  health  diagnosis  as  in  the 
nonmental  health  setting. 

fBased  on  International  Classification  of  Diseases,  Ninth  Revision,  Clinical  Modification  codes  290.0  to  319.0  that  correspond  to  Diagnostic  and  Statistical 
Manual  of  Mental  Disorders,  Fourth  Edition,  Revised  (DSM-IV-R)  diagnostic  codes  for  mental  illness. 

f(1 )  “PTSD,”  309.81 ;  (2)  “anxiety  disorders,”  300.00  to  300.09,  300.20  to  300.29,  and  300.3;  (3)  “adjustment  disorder,”  309.0  to  309.9  (excluding  309.81 );  (4) 
“depressive  disorders,”  296.20  to  296-35,  296.50  to  296.55,  296.90,  and  300.4;  (5)  “substance  use  disorders,”  304  (drug  dependence),  303  (alcohol 
dependence),  and  305  (nondependent  abuse  of  drugs  and/or  alcohol)  (excludes  codes  for  nicotine  dependence). 

§AII  MH  diagnoses  included  in  the  DSM-IV-R  other  than  the  MH  diagnoses  listed  in  the  double  dagger  footnote:  “psychoses,”  291  to  298  (11%); 
“schizophrenia,”  295  (2%);  “affective  disorders,”  924  (6%);  “neurotic  disorders,”  300  (3%);  “personality  disorders,”  301  (5%);  “sexual  disorders,”  302  (7%); 
“depressive  disorders  not  elsewhere  classified,”  311  (56%);  and  other  mental  health  diagnoses  (10%). 

||lncludes  V-codes  (see  “Source  of  Data”  subsection  of  the  “Methods”  section)  indicating  a  psychosocial  or  behavioral  problem:  VI  5.40  to  VI  5.49;  V60.0  to 
V60.2;  V60.4;  V61 .0  to  V61 .22;  V61 .80  to  V61 .83;  V61 .90;  V62.0;  V62.2;  V62.5;  V62.80  to  V62.89;  V63.0;  V63.9;  V65.2;  V65.5;  V69.2  to  V69.8;  V70.1  to  V70.2; 
V71 .0  to  V71 .01 ;  V71 .5;  V71 .81 ;  and  V79.0  to  V79.1 . 


(RR,  5.04;  95%  Cl,  4.52-5.62)  compared  with  active  duty 
veterans  40  years  or  older.  Stratified  RR  analyses  re¬ 
vealed  that  this  inverse  trend  between  age  and  risk  for 
mental  health  and  PTSD  diagnoses  persisted  when  vet¬ 
erans  of  active  duty  service  were  further  stratified  by  race 
and  sex,  with  the  highest  risk  occurring  in  the  youngest 
white  male  active  duty  veterans  followed  by  the  young¬ 
est  black  active  duty  male  veterans,  compared  with  vet¬ 
erans  of  each  group  40  years  or  older  (Table  4). 


COMMENT 


Of  103  788  OEF/OIF  veterans  first  seen  at  VA  health  care 
facilities  following  OEF/OIF  service,  a  quarter  received 
mental  health  diagnoses,  and  more  than  half  of  these  vet¬ 
erans  were  dually  or  multiply  diagnosed.  The  most  com¬ 
mon  military  service-related  mental  health  diagnosis  was 
PTSD.  When  psychosocial  problems  were  considered, 
overall,  nearly  a  third  of  OEF/OIF  veterans  were  classi¬ 
fied  as  having  either  mental  health  diagnoses  and/or  psy¬ 
chosocial  problems.  Of  veterans  receiving  mental  health 
diagnoses,  the  majority  were  diagnosed  on  or  within  days 
of  their  first  VA  clinic  visit.  Most  initial  mental  health 
diagnoses  occurred  in  nonmental  health  settings,  par¬ 
ticularly  in  primary  care  settings.  These  results  indicate 
a  large  burden  of  co-occurring  mental  health  disorders 
associated  with  service  in  Iraq  and  Afghanistan.  This  bur¬ 


den  will  likely  increase  with  time  as  new  cases  emerge 
and  unresolved  disorders  become  chronic,  posing  logis¬ 
tical  and  fiscal  challenges  for  VA  and  non-VA  mental 
health  as  well  as  primary  care  medical  services.16'18 

Roughly  29%  of  returned  OEF/OIF  veterans  have  al¬ 
ready  enrolled  in  VA  health  care,  a  historically  high  rate 
compared  with  10%  of  Vietnam  veterans.9,19  Moreover, 
the  median  time  from  OEF  or  OIF  service  separation  to 
the  first  VA  clinic  visit  was  short  (<3  months)  and  from 
the  first  VA  clinic  visit  to  first  mental  health  diagnosis 
even  shorter  (13  days).  Of  note,  the  majority  of  mental 
health  diagnoses  occurred  in  nonmental  health  set¬ 
tings,  most  commonly  primary  care  settings.  This  rela¬ 
tively  high  rate  of  VA  enrollment  and  the  speed  with  which 
separated  OEF/OIF  veterans  are  seen  and  diagnosed 
provide  the  opportunity  to  implement  early  evidence- 
based  interventions20  in  both  mental  health  and  pri¬ 
mary  care  settings  to  decrease  chronic  military  service- 
related  mental  illness  and  disability. 

Central  to  effective  early  intervention,  however,  is  early 
and  accurate  detection.  Our  results  show  that  most  ini¬ 
tial  mental  health  diagnoses  among  OEF/OIF  veterans 
were  made  in  nonmental  health  settings,  particular  in  pri¬ 
mary  care.  Of  note,  of  the  majority  referred  for  mental 
health  follow-up  from  a  nonmental  health  setting,  more 
than  90%  received  the  same  mental  health  diagnosis.  The 
prevalence  of  mental  health  diagnoses  among  OEF/OIF 
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Table  3.  Prevalence  and  Relative  Risk  of  Receiving  1  or  More  MH  and  PTSD  Diagnoses 

Characteristic 

>1  MH  Diagnoses, 

No.  (%)  of  Veterans 

RR  (95%  Cl) 

PTSD  Diagnosis, 

No.  (%)  of  Veterans 

RR  (95%  Cl) 

Sex 

Female 

3552  (26) 

1  [Reference] 

1550  (11) 

1  [Reference] 

Male 

22105(25) 

0.94  (0.91-0.97) 

11  654(13) 

1.14(1.08-1.10) 

Age,  y 

18-24 

7558  (28) 

1.47  (1.43-1.52) 

4069  (15) 

1.72  (1.63-1.80) 

25-29 

7525  (26) 

1.37  (1.33-1.41) 

3769  (13) 

1.48  (1.41-1.56) 

30-39 

5827  (26) 

1.39  (1.35-1.44) 

3167  (14) 

1.63  (1.55-1.72) 

>40 

4748  (19) 

1  [Reference] 

2200  (9) 

1  [Reference] 

Race 

White 

16830(25) 

1  [Reference] 

8597  (13) 

1  [Reference] 

Black 

4574  (25) 

1.03  (1.00-1.06) 

2504  (14) 

1.10(1.06-1.15) 

Hispanic 

3034  (27) 

1.09  (1.05-1.12) 

1465  (13) 

1.03  (0.98-1.08) 

Other 

529  (25) 

1.00  (0.93-1.08) 

294  (14) 

1.09  (0.98-1.22) 

Marital  status 

Never  married 

10813(31) 

1  [Reference] 

5258  (15) 

1  [Reference] 

Married 

9933  (31) 

1.00  (0.98-1.02) 

5537  (17) 

1.14(1.10-1.19) 

Divorced 

2572  (36) 

1.18(1.14-1.22) 

1276  (18) 

1.20  (1.14-1.27) 

Separated  or  widowed 

11  (44) 

1.44  (1.26-1.65) 

48  (18) 

1.21  (0.93-1.56) 

Component 

National  Guard/Reserve 

12298  (25) 

1  [Reference] 

6370  (13) 

1  [Reference] 

Active  duty 

13360  (25) 

0.99  (0.97-1.01) 

6835  (13) 

0.98  (0.94-1.01) 

Abbreviations:  Cl,  confidence  interval;  MH,  mental  health;  PTSD,  posttraumatic  stress  disorder;  RR,  relative  risk. 


Figure  1.  Posttraumatic  stress  disorder  (PTSD)  and  mental  health  diagnoses 
by  sex  and  race.  OEF/OIF  indicates  Operations  Enduring  Freedom  and  Iraqi 
Freedom. 
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Figure  2.  Posttraumatic  stress  disorder  (PTSD)  and  mental  health  diagnoses 
by  age  group  stratified  by  military  component.  OEF/OIF  indicates  Operations 
Enduring  Freedom  and  Iraqi  Freedom. 


veterans  reported  herein  is  consistent  with  recent  re¬ 
ports.3,6  The  frequency  of  ICD-9-CM  PTSD  diagnoses  ob¬ 
served  among  OEF/OIF  veterans  in  our  study  (13%)  was 
only  slightly  lower  than  the  current  prevalence  of  PTSD 
several  decades  after  returning  from  Vietnam  as  re¬ 
ported  in  the  National  Vietnam  Veterans  Readjustment 
Study  (15.2%),  but  it  was  substantially  higher  than  the 
3.5%  current  prevalence  reported  in  a  recent  national  sur¬ 
vey  of  a  representative  sample  of  the  US  population  using 
standard  assessments.21,22 

We  found  minimal  absolute  differences  between  men 
and  women,  racial  and  ethnic  subgroups,  and  compo¬ 
nent  types  regarding  risk  for  receiving  mental  health  and 
PTSD  diagnoses.  In  contrast,  similar  to  another  recent 
study,  we  found  both  an  absolute  and  statistically  sig¬ 
nificant  trend  toward  increased  risk  for  mental  health  and 


PTSD  diagnoses  with  younger  age,  with  the  youngest 
group  of  OEF/OIF  veterans  (age,  18-24  years)  at  the  high¬ 
est  risk  compared  with  veterans  40  years  or  older.23  This 
trend  was  magnified  when  the  sample  was  first  strati¬ 
fied  by  service  component  and  further  stratified  by  sex 
and  race.  Our  analyses  were  limited  by  the  fact  that  we 
lacked  information  on  important  potential  confounders 
and/or  effect  modifiers  of  age  such  as  military  branch, 
rank,  and  combat  exposure.  Men  serving  in  the  active  duty 
component  are  generally  younger  than  members  of  the 
National  Guard  and  Reserve.  Because  they  are  young,  they 
are  more  likely  to  be  of  lower  rank  and  more  likely  to 
have  greater  combat  exposure  than  their  older  active  duty 
counterparts.  Degree  of  combat  exposure  has  been  as¬ 
sociated  with  military  service-related  mental  health  dis¬ 
orders,  particularly  PTSD.3,6,16,18,19  Our  findings  suggest 
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Table  4.  Relative  Risk  of  Receiving  1  or  More  MH  or  PTSD 
Diagnoses  Among  White  and  Black  Male  Veterans  of  Active 
Duty  Service  by  Age  Group* 


Age,  y 

>1  MH  Diagnoses 

PTSD  Diagnosis 

White  active  duty 
male  veterans 

>40 

1  [Reference] 

1  [Reference] 

30-39 

3.55  (3.20-3.94) 

6.07  (5.05-7.28) 

25-29 

3.94  (3.59-4.33) 

6.91  (5.82-8.21) 

18-24 

4.70  (4.28-5.16) 

8.88  (7.49-10.54) 

Black  active  duty  male 
veterans 

>40 

1  [Reference] 

1  [Reference] 

30-39 

1.90  (1.63-2.21) 

2.17  (1.73-2.73) 

25-29 

2.07  (1.81-2.37) 

2.47  (2.01-3.03) 

18-24 

2.18  (1.90-2.50) 

2.64  (2.15-3.25) 

Abbreviations:  MH,  mental  health;  PTSD,  posttraumatic  stress  disorder; 
RR,  relative  risk. 

*Data  are  given  as  relative  risk  (95%  confidence  interval). 


that  enhanced  prevention,  detection,  and  treatment  should 
be  targeted  at  the  youngest  OEF/OIF  veterans  younger 
than  25  years,  particularly  those  in  the  active  duty  com¬ 
ponents. 

Our  findings  are  not  generalizable  to  all  veterans  of 
OEF/OIF  service.  We  had  no  data  on  veterans  who  have 
not  accessed  VA  care.  Furthermore,  because  we  lacked 
service  separation  dates  on  half  of  the  veterans  listed  in 
the  VA  OEF/OIF  Roster,  we  restricted  our  study  popu¬ 
lation  to  veterans  listed  in  the  VA  OEF/OIF  Roster  who 
were  new  users  of  VA  health  care  after  the  invasion  of 
Afghanistan  and/or  who  had  accessed  VA  services  after 
their  OEF/OIF  service  separation  date  (among  those  with 
a  separation  date).  We  excluded  veterans  who  had  VA 
contact  prior  to  OEF/OIF  because  our  aim  was  to  de¬ 
scribe  mental  health  disorders  associated  with  OEF/OIF 
military  service,  not  with  prior  military  conflicts.  Con¬ 
sequently,  our  results  may  overestimate  the  burden  of 
mental  health  disorders  because  veterans  with  mental 
health  disorders  may  be  more  likely  to  seek  treatment  at 
a  VA  facility  than  those  without19,24  and  because  we  ex¬ 
cluded  more  National  Guard  and  Reserve  and  older  vet¬ 
erans  with  prior  VA  contact  who  had  the  same  or  fewer 
mental  health  diagnoses  than  active  duty  and  younger 
veterans  (Table  1).  Nevertheless,  our  findings,  based  on 
more  than  100  000  OEF/OIF  veterans  who  are  new  us¬ 
ers  of  VA  health  care  following  OEF/OIF  military  ser¬ 
vice,  may  inform  targeted  prevention  and  treatment  ef¬ 
forts  within  or  outside  the  VA  system. 

Another  limitation  is  that  OEF/OIF  veterans  were 
not  assessed  systematically  with  validated  self-report 
measures  or  structured  diagnostic  interviews.  We  cap¬ 
tured  clinical  mental  health  diagnoses  based  on  ICD- 
9-CM  codes  in  VA  administrative  databases.25  Thus,  our 
results  are  subject  to  misclassification.  Nevertheless, 
ICD-9-CM  diagnostic  codes  have  been  found  to  be  a 
valid  proxy  for  estimating  disease.26,27  Furthermore,  our 
own  findings  of  a  greater  than  90%  diagnostic  concor¬ 
dance  among  veterans  first  diagnosed  in  nonmental 
health  settings  subsequently  diagnosed  in  mental 


health  settings,  as  well  as  the  high  proportion  of  veter¬ 
ans  receiving  the  same  mental  health  diagnosis  on  2  or 
more  clinical  encounters,  support  our  results  based  on 
the  use  of  ICD-9-CM  codes. 

Our  results  signal  a  need  for  improvements  in  the 
primary  prevention  of  military  service-related  mental 
health  disorders,  particularly  among  our  youngest  ser¬ 
vice  members.  Furthermore,  early  detection  and  evi¬ 
dence-based  treatment  in  both  VA  and  non-VA  mental 
health  and  primary  care  settings  is  critical  in  the  pre¬ 
vention  of  chronic  mental  illness,  which  threatens  to 
bring  the  war  back  home  as  a  costly  personal  and  public 
health  burden. 
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SEAL  ETAL.  RESPOND 

We  appreciate  Rona’s  concerns  about 
population-based  mental  health  screening  of 
Iraq  and  Afghanistan  veterans  presenting  to 
Department  of  Veterans  Affairs  (VA)  medical 
facilities.  The  study  population  included  vet¬ 
erans  presenting  to  all  outpatient  clinics  at 
1  VA  facility,  not  just  primary  care.  Mental 
health  screening  may  not  have  been  a  clinical 
priority  during  medical  subspecialty  visits, 
which  may  partially  explain  lower  screening 
rates.  Recently,  in  response  to  changes  in  na¬ 
tional  VA  policy,  postdeployment  mental 
health  screening  rates  in  primary  care  have 
increased  to  more  than  90%.  Further,  screen¬ 
ing  instruments  used  by  the  VA,  specifically 
the  primary  care  posttraumatic  stress  disorder 
(PTSD)  screen,  have  demonstrated  validity,1 
and  brief  screens  for  PTSD  symptoms  have 
been  used  successfully  to  detect  cases  of 
PTSD  in  primary  care.2 

When  population-based  postdeployment 
mental  health  screens  were  first  introduced 
in  VA  facilities  in  2004,  the  extent  of  mental 
problems  stemming  from  the  conflicts  in  Iraq 
and  Afghanistan  were  just  surfacing.  Hoge  et 
al.  described  stigma  surrounding  mental  ill¬ 
ness  as  a  barrier  to  treatment  for  soldiers, 
highlighting  that  soldiers  in  greater  distress 
were  less  likely  to  seek  help.3  Combat  veter¬ 
ans  might  be  more  willing  to  disclose  and  ac¬ 
cept  treatment  for  mental  health  problems 
from  the  VA  rather  than  the  military.  In  addi¬ 
tion,  veterans  may  report  mental  health  con¬ 
cerns  months  after  returning  home  when  at 
the  VA,  rather  than  immediately  on  their  re¬ 
turn  when  first  screened  by  the  military. 
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We  concur  that  universal  screening  should 
not  be  conducted  if  there  is  inadequate  follow- 
through  of  positive  screens.  In  our  study,  73% 
of  combat  veterans  with  positive  screens  at¬ 
tended  mental  health  appointments,  as  opposed 
to  18%  of  veterans  not  screened.  Unfortunately, 
the  majority  of  mental  health  visits  occurred 
more  than  90  days  after  the  positive  screens. 
Since  this  study  was  conducted,  however,  the 
VA  has  greatly  augmented  its  mental  health 
capacity,  hiring  nearly  100  new  psychologists.4 
Further,  the  VA  has  implemented  a  national 
model  of  integrated,  collocated  care  in  which 
mental  health  providers  embedded  in  primary 
care  conduct  immediate  assessment  and  triage 
of  veterans  who  screen  positive  for  mental 
health  symptoms.4  Preliminary  data  from  one 
integrated  clinic  for  Iraq  and  Afghanistan  vet¬ 
erans  demonstrated  high  use  of  mental  health 
services  within  primary  care.  We  cannot  wait 
for  a  randomized  controlled  trial,  as  Rona  sug¬ 
gests,  to  decide  whether  we  should  continue  to 
screen  veterans  for  combat-related  mental  dis¬ 
orders.  If  we  don’t  ask,  they  may  not  tell,  and  we 
cannot  afford  the  potential  consequences  of  un¬ 
detected  mental  illness  in  combat  veterans.  ■ 

Karen  H  Seal,  MD,  MPH 
Shira  Maguen,  PhD 
Daniel  Bertenthal,  MPH 
Kristian  Gima,  BA 
Charles  R.  Marmar,  MD 
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Getting  Beyond  “Don’t  Ask;  Don’t  Tell”:  an  Evaluation 
of  US  Veterans  Administration  Postdeployment 
Mental  Health  Screening  of  Veterans  Returning 
From  Iraq  and  Afghanistan 

|  Karen  H.  Seal,  MD,  MPH,  Daniel  Bertenthal,  MPH,  Shira  Maguen,  PhD,  Kristian  Gima,  BA,  Ann  Chu,  MS,  and  Charles  R.  Marmar,  MD 


Objectives.  We  sought  to  evaluate  outcomes  of  the  Veterans  Administration 
(VA)  Afghan  and  Iraq  Post-Deployment  Screen  for  mental  health  symptoms. 

Methods.  Veterans  Administration  clinicians  were  encouraged  to  refer  Iraq  or 
Afghanistan  veterans  who  screened  positive  for  posttraumatic  stress  disorder, 
depression,  or  high-risk  alcohol  use  to  a  VA  mental  health  clinic.  Multivariate 
methods  were  used  to  determine  predictors  of  screening,  the  proportions  who 
screened  positive  for  particular  mental  health  problems,  and  predictors  of  VA 
mental  health  clinic  attendance. 

Results.  Among  750  Iraq  and  Afghanistan  veterans  who  were  referred  to  a  VA 
medical  center  and  5  associated  community  clinics,  338  underwent  postdeploy¬ 
ment  screening;  233  (69%)  screened  positive  for  mental  health  problems.  Having 
been  seen  in  primary  care  (adjusted  odd  ratio  [AOR]  =  13.3;  95%  confidence  in¬ 
terval  [Cl]  =  8.31 ,  21.3)  and  at  a  VA  community  clinic  (AOR  =  3.28;  95%  Cl  =  2.03, 
5.28)  predicted  screening.  African  American  veterans  were  less  likely  to  have  been 
screened  than  were  White  veterans  (AOR=0.45;  95%  Cl =0.22,  0.91).  Of  233  veterans 
who  screened  positive,  170  (73%)  completed  a  mental  health  follow-up  visit. 

Conclusions.  A  substantial  proportion  of  veterans  met  screening  criteria  for 
co-occurring  mental  health  problems,  suggesting  that  the  VA  screens  may  help 
overcome  a  "don't  ask,  don't  tell"  climate  that  surrounds  stigmatized  mental  ill¬ 
ness.  Based  on  data  from  1  VA  facility,  VA  postdeployment  screening  increases 
mental  health  clinic  attendance  among  Iraq  and  Afghanistan  veterans.  (Am  J 
Public  Health.  2008;98:714-720.  doi:10.2105/AJPH.2007.1 15519) 


High  levels  of  exposure  to  combat  have  charac¬ 
terized  the  conflicts  principally  in  Iraq  and 
Afghanistan— Operation  Iraqi  Freedom  (OIF) 
and  Operation  Enduring  Freedom  (OEF). 
Improvised  explosive  devices  and  frequent, 
unexpected  mortar  attacks  have  brought  the 
“front  line”  to  most  OIF  and  OEF  military 
service  personnel.1  In  the  Vietnam  and  Per¬ 
sian  Gulf  wars,  level  of  combat  exposure  was 
strongly  associated  with  posttraumatic  stress 
disorder  (PTSD),  depression,  and  substance 
use  disorders.2,3  Similarly,  an  epidemic  of 
mental  health  disorders  is  emerging  among 
veterans  of  OIF  and  OEF.4,5  Early  interven¬ 
tion  with  evidence-based  mental  health  treat¬ 
ment  has  been  shown  to  prevent  chronic 
mental  illness  and  associated  disability.6 
Mental  health  screening  of  combat  veterans 
has  the  potential  to  increase  early  detection 
of  symptoms  and  early  intervention. 

Since  World  War  I,  the  US  military  has  con¬ 
ducted  mass  mental  health  screening  prima¬ 
rily  to  exclude  psychologically  vulnerable  re¬ 
cruits  from  service,  yet  these  programs  have 
failed  to  reduce  the  incidence  of  psychological 
casualties.7  This  experience,  coupled  with  high 
rates  of  psychiatric  disorders  in  the  aftermath 
of  the  Vietnam  and  Persian  Gulf  wars,  shifted 
the  focus  of  screening  to  the  detection  of  men¬ 
tal  health  symptoms  during  and  after  deploy¬ 
ment.8  Recent  reports  have  indicated  that  ser¬ 
vice  members  are  more  likely  to  report  mental 
health  problems  3  to  4  months  after  returning 
from  deployment,  and  delayed  presentations 
of  mental  health  disorders  have  been  docu¬ 
mented  years  after  military  service.9,10  Accord¬ 
ingly,  in  June  2004,  the  Veterans  Administra¬ 
tion  (VA)  issued  a  national  directive  to  initiate 
the  Afghan  and  Iraq  Post-Deployment  Screen.11 
The  screen  consists  of  brief,  previously  vali¬ 
dated  instruments  to  detect  symptoms  of 


PTSD,  depression,  and  high-risk  alcohol  use 
among  veterans  of  OIF  and  OEF  who  seek 
VA  healthcare.  Veterans  Administration  clini¬ 
cians  are  expected  to  complete  the  screen 
and  to  assess  whether  veterans  who  meet 
screening  criteria  for  depression  and  high-risk 
alcohol  use  require  a  mental  health  referral. 
Veterans  Administration  clinicians  are  encour¬ 
aged  to  refer  patients  who  meet  screening 
criteria  for  PTSD  for  further  mental  health 
assessment  and  treatment. 

Clinicians  at  1  VA  medical  center  and  its 
affiliated  community-based  clinics  were  encour¬ 
aged  to  refer  Iraq  and  Afghanistan  veterans 
who  met  screening  criteria  for  PTSD,  depres¬ 
sion,  or  high-risk  drinking  for  follow-up  men¬ 
tal  health  assessment.  Based  on  data  from 
this  facility,  we  sought  to  determine  (1)  the 


frequency  and  predictors  of  implementation 
of  the  VA  postdeployment  screen;  (2)  the  pro¬ 
portion  of  veterans  with  positive  screens  for 
PTSD,  depression,  or  high-risk  alcohol  use; 
and  (3)  the  proportion  of  veterans  who  were 
seen  in  a  VA  mental  health  clinic  within  90 
days  of  screening  and  beyond. 

METHODS 

The  Veterans  Administration  Afghan  and 
Iraq  Post-Deployment  Screen 

Veterans  of  OIF  and  OEF  are  eligible  to  re¬ 
ceive  2  years  of  free  militaiy  service-related 
health  care  through  the  VA  healthcare  sys¬ 
tem.  Since  2002,  33%  of  eligible  OEF  and 
OIF  veterans  have  sought  VA  healthcare. 
When  veterans  of  OIF  or  OEF  present  to  a 
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VA  healthcare  facility,  clinicians  are  asked  to 
complete  the  10-  to  15-minute  Afghan  and 
Iraq  Post-Deployment  Screen,  which  appears 
in  the  Computerized  Patient  Record  System 
as  a  clinical  reminder.  Although  this  screen  is 
intended  solely  for  OIF  and  OEF  veterans, 
clinicians  are  initially  prompted  to  complete 
this  clinical  reminder  for  all  veterans  with  a 
service  separation  date  after  September  11, 
2001.  The  first  question  of  the  screen  asks 
about  location  of  military  service,  and  if  a 
veteran  denies  having  served  in  OIF  or  OEF, 
the  screen  is  terminated.  For  veterans  who 
endorse  OIF  or  OEF  service,  VA  clinicians 
are  expected  to  complete  the  screen  and,  in 
so  doing,  clear  the  clinical  reminder. 

Veterans  Administration  clinicians  are  moni¬ 
tored  to  determine  the  proportion  of  veterans 
seen  for  whom  they  have  cleared  the  post¬ 
deployment  screen  reminder.  Clinicians  are 
encouraged  to  assess  veterans  with  positive 
screens  and  to  offer  a  VA  mental  health  refer¬ 
ral  for  those  whom  they  determine  would 
benefit  from  further  assessment.11  Neverthe¬ 
less,  ultimately,  whether  a  patient  accepts  a 
mental  health  referral  or  attends  a  mental 
health  follow-up  appointment  is  based  on  the 
patient’s  interest,  preferences,  and  willingness- 
information  we  did  not  have  for  our  study. 

The  Afghan  and  Iraq  Post-Deployment 
Screen  includes  3  standard,  previously  vali¬ 
dated,  brief  mental  health  screens  to  assess  for 
symptoms  of  PTSD,  depression,  and  high-risk 
alcohol  use.  Posttraumatic  stress  disorder  is  as¬ 
sessed  with  a  4-item  yes-or-no  screening  in¬ 
strument— the  Primary  Care  PTSD  Screen  de¬ 
veloped  by  the  National  Center  for  PTSD.12 
The  stem  of  the  screening  questions  read, 
“Have  you  ever  had  any  experience  that  was 
so  frightening,  horrible,  or  upsetting  that  in  the 
last  month  you.  . . .”  The  4  questions  cover  the 
4  main  symptom  clusters  of  PTSD:  re-experi¬ 
encing  trauma,  numbing,  avoidance,  and  hy¬ 
perarousal.  Initially,  endorsement  of  any  2  of 
the  4  screen  items  constituted  a  positive 
screen.12  In  the  second  quarter  of  fiscal  year 
2005,  the  VA  increased  the  threshold  for  a 
positive  screen  to  3  “yes”  responses.13  Two 
separate  blinded  validation  studies  found  that 
the  use  of  cut-off  scores  of  either  2  or  3  “yes” 
responses  to  indicate  a  positive  screen  re¬ 
sulted  in  sensitivities  of  0.73  and  0.78  and 
specificities  of  0.88  and  0.87,  respectively.9,12’14 


Symptoms  of  depression  are  assessed  in  the 
VA  postdeployment  screen  with  the  2-item 
Patient  Health  Questionnaire,  which  screens 
for  depressed  mood  and  anhedonia  (little  in¬ 
terest  or  pleasure  in  doing  things).15,16  A  “yes” 
answer  to  either  question  constitutes  a  posi¬ 
tive  screen  for  depression.  In  a  sample  of  vet¬ 
erans  seen  in  primaiy  care,  the  2-item  Patient 
Health  Questionnaire  was  found  to  have  a 
sensitivity  of  0.96  and  specificity  of  0.57. 15 
The  4-item  Alcohol  Use  Disorders  Identifica¬ 
tion  Test  assesses  high-risk  alcohol  use.  A 
score  of  4  or  more  points  for  men  and  3  or 
more  points  for  women  is  considered  a  posi¬ 
tive  screen.  In  a  large  primary  care  practice, 
these  thresholds  resulted  in  a  sensitivity  of 
0.86  among  men  and  0.73  among  women 
and  a  specificity  of  0.89  among  men  and 
0.91  among  women.17 

Study  Population 

From  June  1,  2004,  through  September 
30,  2006,  1178  veterans  with  military  ser¬ 
vice  separation  dates  after  September  11, 
2001,  presented  for  care  to  a  VA  medical 
center  or  1  of  its  5  associated  VA  community- 
based  clinics.  Because  our  aim  was  to  assess 
predictors  and  clinical  outcomes  of  postde¬ 
ployment  screening  among  OIF  and  OEF 
veterans,  we  excluded  from  the  final  study 
population  veterans  who  denied  prior  militaiy 
service  in  Iraq,  Afghanistan,  or  surrounding 
regions  (n=358)  and  those  who  were  not  in¬ 
cluded  in  the  VA  National  OIF/OEF  Roster 
database  (n=42).  Further,  we  excluded  5  vet¬ 
erans  who  were  missing  data  on  each  of  the  3 
individual  screens  and  23  veterans  whose  ini¬ 
tial  VA  visit  was  within  90  days  of  the  study 
end  date,  which  allowed  inadequate  follow-up 
time.  Consequently,  the  final  study  population 
consisted  of  750  OIF  or  OEF  veterans. 

Source  and  Definitions  of  Data  Used 

The  Veterans  Health  Information  Systems 
and  Technology  Architecture  database  was 
used  to  extract  postdeployment  screen  results 
for  symptoms  of  depression,  PTSD,  and  high- 
risk  alcohol  use,  and  the  date  of  and  specific 
clinic  in  which  postdeployment  screening  oc¬ 
curred.  The  Veterans  Health  Information  Sys¬ 
tems  and  Technology  Architecture  database 
was  also  used  to  determine  the  date  when  an 
initial  mental  health  clinic  visit  was  scheduled 
and  the  date  when  an  initial  mental  health 


visit  occurred.  A  mental  health  clinic  visit 
was  defined  as  a  clinical  visit  to  any  mental 
health,  alcohol,  or  substance  abuse  clinic  at 
the  medical  center  or  associated  VA  commu¬ 
nity-based  outpatient  clinics.  We  defined  our 
outcome  as  mental  health  clinic  visits  sched¬ 
uled  within  30  days  and  completed  within 
90  days  of  the  postdeployment  screen  date  to 
maximize  the  likelihood  that  scheduling  and 
appointment  attendance  were  related  to  the 
postdeployment  screening  program.  In  addi¬ 
tion,  to  allow  informal  comparisons  of  all 
mental  health  follow-up  visits  between  veter¬ 
ans  who  were  screened  and  not  screened,  we 
determined  the  number  of  all  mental  health 
visits  beyond  90  days  of  screening,  although 
these  visits  may  not  have  been  related  to 
postdeployment  screening.  Local  VA  Health 
Information  Systems  and  Technology  Archi¬ 
tecture  data  were  linked  to  the  VA  National 
OIF/ OEF  Roster  to  identify  and  confirm 
veterans’  OIF  or  OEF  military  service.  In 
addition,  data  derived  from  the  VA  National 
Patient  Care  Database  were  used  to  augment 
and  confirm  local  sociodemographic,  militaiy 
service,  and  clinical  visit  information. 

Statistical  Analyses 

This  was  a  retrospective  descriptive  study. 
Predictors  of  having  received  postdeployment 
screening  were  evaluated  with  a  multivariate 
logistic  regression  model  adjusted  for  gender, 
race/ ethnicity,  age,  and  other  predictor  vari¬ 
ables  associated  with  postdeployment  screen¬ 
ing  in  univariate  analysis.  After  we  determined 
the  proportion  of  OIF  and  OEF  veterans  who 
screened  positive  for  symptoms  of  single  or 
comorbid  PTSD,  depression,  or  high-risk 
alcohol  use,  we  determined  the  proportion 
(screened  vs  unscreened  and  screen-positive 
vs  screen-negative)  who  were  scheduled  for 
and  completed  a  mental  health  appointment 
within  30  and  90  days  of  postdeployment 
screening,  respectively.  Among  screen-positive 
veterans  without  a  VA  mental  health  clinic 
visit  prior  to  screening,  multivariate  logistic 
regression  analysis  was  used  to  determine 
whether  screening  positive  for  specific  mental 
health  symptoms  was  independently  associ¬ 
ated  with  completion  of  1  or  more  follow-up 
VA  mental  health  clinic  visits.  All  analyses 
were  conducted  with  Stata  software  version 
8.2  (StataCorp  LP,  College  Station,  TX). 
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Notes.  OIF/OEF= Operation  Iraqi  Freedom  or  Operation  Enduring  Freedom;  MH  =  mental  health. 

FIGURE  1-Mental  health  appointments  scheduled  and  completed  following  postdeployment 
screening  among  750  veterans  of  Operation  Iraqi  Freedom  or  Operation  Enduring 
Freedom  seen  at  the  San  Francisco  Veterans  Administration  Medical  Center  and 
associated  community-based  outpatient  clinics:  September  11,  2001,  to  June  30,  2006. 


RESULTS 

Clinicians  at  1  VA  facility  initiated  the 
VA  Afghan  and  Iraq  Post-Deployment 
Screen  for  748  of  the  1178  (64%)  veterans 
for  whom  the  screening  instrument  ap¬ 
peared  in  the  electronic  medical  record 
triggered  by  their  post-September  11, 
2001,  service  separation  dates.  Of  these, 
358  (48%)  of  the  748  veterans  denied 
prior  OIF  or  OEF  military  service,  and 
thus,  their  screens  were  terminated.  Of  the 
750  OEF  or  OIF  veterans  in  the  final  study 
population,  11%  were  women  35%  were 
racial/ ethnic  minorities  the  median  age  was 
27  years  (range  =19-60  years),  and  41% 
were  veterans  of  the  US  National  Guard  or 
Reserve  forces.  The  majority  (85%)  had 
been  seen  primarily  at  the  VA  medical  cen¬ 
ter,  and  74%  had  attended  4  or  more  VA 
outpatient  visits  during  the  study  period. 

Postdeployment  Screening 

Of  the  750  OIF  or  OEF  veterans  who 
presented  for  VA  outpatient  care  during  the 
study  period,  338  underwent  postdeploy¬ 
ment  screening  (Figure  1).  The  median  time 
to  postdeployment  screening  from  service 
separation  was  9  months  (intraquartile  range 
[IQR]  =  4 — 16  months)  and  the  median  time 


to  screening  from  the  first  VA  outpatient 
visit  was  29  days  (IQR =0-17 5  days).  The 
majority  (73%)  was  screened  during  a  VA 
primary  care  medical  visit,  17%  at  a  mental 


health  visit,  9%  at  other  outpatient  visits  (e.g., 
dental),  and  1%  at  a  social  services  visit. 
Postdeployment  screening  was  more  likely  in 
veterans  who  had  a  primary  care  visit  ver¬ 
sus  other  settings  (72%  vs  12%;  adjusted 
odds  ratio  [AOR]  =  13.3;  95%  confidence  in¬ 
terval  [Cl]  =  8.31,  21.3)  and  for  those  seen  at 
a  VA  community  clinic  rather  than  at  the 
medical  center  (87%  vs  37%;  AOR  =  3.56; 
95%  CI=  1.78,  7.11).  African  American  vet¬ 
erans  of  OIF  or  OEF  were  less  likely  to  be 
screened  than  were  White  veterans  (29%  vs 
49%;  AOR  =  0.45;  95%  CI=0.22,  0.91) 
(Table  1). 

Results  of  Postdeployment  Screening 

Of  the  338  individuals  who  were  screened, 
the  majority,  233  (69%),  screened  positive 
for  1  or  more  mental  health  disorders 
(Figure  1);  most  (61%)  screened  positive  for 
co-occurring  mental  health  symptoms.  A  posi¬ 
tive  screen  for  PTSD  was  the  most  common, 
occurring  in  171  (50%  of  all  veterans 
screened)  and  in  73%  of  those  with  positive 
screens  (Figure  2).  Of  note,  after  June  2005 
when  the  threshold  for  a  positive  PTSD 
screen  increased  from  2  to  3  items  positive 


TABLE  1-Predictors  of  Postdeployment  Mental  Health  Screening  Among  Veterans  of 
Operation  Iraqi  Freedom  and  Operation  Enduring  Freedom  (n  =  645)  Seen  at  the  San 
Francisco  Veterans  Administration  Medical  Center  and  5  Associated  Community  Clinics: 
June  1, 2004,  to  September  30, 2006 


Characteristic 

Not  Screened, 

No.  (%) 

Screened, 

No.  (%) 

AOR 

(95%  Cl) 

P 

Race/ethnicity 

White  (Ref) 

213  (51) 

207  (49) 

1.00 

Hispanic 

54  (61) 

34  (39) 

0.83  (0.44, 1.54) 

.55 

Black 

49  (71) 

20  (29) 

0.45  (0.22,0.91) 

.03 

Other 

40  (59) 

28  (41) 

0.83  (0.42, 1.65) 

.60 

Facility  type 

VA  medical  center  (Ref) 

343  (63) 

201  (37) 

1.00 

VA  community  clinic 

13  (13) 

88  (87) 

3.56  (1.78,7.11) 

<.001 

Any  visits  to  primary  care 

No  (Ref) 

257  (88) 

36  (12) 

1.00 

Yes 

99  (28) 

253  (72) 

13.3  (8.31,21.3) 

<.001 

Any  visits  to  mental  health  clinic 

No  (Ref) 

287  (69) 

126  (31) 

1.00 

Yes 

69  (30) 

163  (70) 

3.28  (2.03,5.28) 

<.001 

Notes.  AOR  =  adjusted  odds  ratio;  Cl  =  confidence  interval;  VA= Veterans  Administration.  The  population  size  was  reduced  from 
750  to  645  to  include  only  veterans  with  nonmissing  values  for  study  variables.  In  addition  to  the  predictor  variables  shown 
here,  the  multivariate  model  was  adjusted  for  age,  gender,  and  total  number  of  visits  to  the  VA  medical  center  or  associated 
community  clinics. 
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TABLE  2-Predictors  of  Mental  Health  Visit  Among  Veterans  of  Operation  Iraqi  Freedom  and 
Operation  Enduring  Freedom  (n  =  159)  Within  90  Days  of  Postdeployment  Mental  Health 
Screen  at  the  San  Francisco  Veterans  Administration  Medical  Center  and  5  Associated 
Community  Clinics:  June  1, 2004,  to  September  30, 2006 


Characteristic 

Mental  Health 

Visit  Within 

90  Days,8 

No.  (%) 

No  Mental  Health 
Visit  Within 

90  Days,8 

No.  (%) 

AOR 

(95%  Cl) 

P 

PTSD  screen 

Negative  (Ref) 

8(8) 

91  (92) 

1.00 

Positive 

38  (63) 

22  (37) 

19.84  (6.16, 63.9) 

<.001 

Depression  screen 

Negative  (Ref) 

17  (15) 

96  (85) 

1.00 

Positive 

29  (63) 

17  (37) 

5.51  (1.79, 17.0) 

<.001 

High-risk  alcohol  use 

Negative  (Ref) 

27  (26) 

78  (74) 

1.00 

Positive 

19  (35) 

35  (65) 

1.19(0.39,3.61) 

.76 

Gender 

Women  (Ref) 

4(31) 

9(69) 

1.00 

Men 

42  (29) 

104  (71) 

0.89  (0.07, 10.8) 

.93 

Age,  y 

18-24  (Ref) 

23  (36) 

41  (64) 

1.00 

25-29 

11  (24) 

35  (76) 

0.85  (0.25,2.92) 

.80 

30-39 

10  (33) 

20  (66) 

4.18  (0.73,23.9) 

.11 

>40 

2(11) 

17  (89) 

0.29  (0.02,3.34) 

.32 

Race/ethnicity 

White  (Ref) 

32  (28) 

81  (72) 

1.00 

Hispanic 

5(28) 

13  (72) 

0.67  (0.12,3.87) 

.66 

Black 

5(39) 

8(61) 

4.79  (0.54, 42.1) 

.16 

Other 

4(27) 

11  (73) 

3.24  (0.49,21.7) 

.23 

Component  type 

National  Guard/Reserve  (Ref) 

15(21) 

55  (79) 

1.00 

Active  duty 

31  (35) 

58  (65) 

2.23  (0.65, 7.67) 

.20 

Facility  type 

VA  medical  center  (Ref) 

22  (20) 

87  (80) 

1.00 

VA  community  clinic 

24  (48) 

26  (52) 

6.08(1.56,23.6) 

.01 

Any  visits  to  primary  care 

No  (Ref) 

1(9) 

10  (91) 

1.00 

Yes 

45  (30) 

103  (70) 

19.4(1.30,290) 

.03 

Number  of  non-mental  health 

14.5  (16.2) 

12.2  (12.1) 

1.03  (0.98, 1.07) 

.26 

visits,  mean  (SD) 

Notes.  AOR  =  adjusted  odds  ratio;  Cl  =  confidence  interval;  PTSD  =  posttraumatic  stress  disorder;  VA= Veterans  Administration. 
The  population  size  was  reduced  to  include  only  veterans  with  all  3  screens  and  no  mental  health  visits  prior  to 
postdeployment  screening  and  veterans  with  nonmissing  values  for  study  variables. 

aThe  column  numbers  represent  numbers  and  percentages  for  all  characteristics  except  the  number  of  non-mental  health 
visits,  where  the  column  numbers  represent  the  mean  and  SD  of  the  column  group. 


out  of  4  items,  there  was  a  moderate  de¬ 
crease  (from  58%  to  47%;  P=. 05)  in  the 
proportion  who  met  criteria  for  a  positive 
PTSD  screen.  A  positive  screen  for  PTSD 
most  commonly  co-occurred  with  a  positive 
screen  for  depression  (30%),  followed  by  the 


triad  of  positive  screens  for  PTSD,  depres¬ 
sion,  and  high-risk  alcohol  use  (19%;  Fig¬ 
ure  2).  Overall,  of  screen-positive  OIF  and 
OEF  veterans,  59%  screened  positive  for 
depression,  and  46%  screened  positive  for 
high-risk  alcohol  use. 


Mental  Health  Referrals  and 
Appointments 

As  shown  in  Figure  1,  of  the  233  OIF  or 
OEF  veterans  with  1  or  more  positive 
screens,  107  (46%)  had  a  VA  mental  health 
clinic  visit  scheduled  within  30  days  of  the 
screen  and  about  half  of  these,  or  24%  of 
veterans  who  screened  positive,  completed  a 
scheduled  mental  health  visit  within  90  days 
of  the  screen  date.  Overall,  of  the  338  veter¬ 
ans  who  underwent  postdeployment  screen¬ 
ing,  56  completed  a  scheduled  mental  health 
appointment,  most  likely  as  a  result  of  screen¬ 
ing,  compared  with  30  veterans  who  com¬ 
pleted  a  mental  health  visit  within  90  days  of 
screening  despite  not  having  been  scheduled 
for  an  appointment  (n=24)  or  despite  having 
screened  negative  (n=6).  When  the  follow¬ 
up  period  was  extended  beyond  90  days  of 
screening,  73%  of  screen-positive  veterans 
completed  a  mental  health  appointment  any 
time  during  the  study  period  compared  with 
32%  of  veterans  who  screened  negative  or 
who  were  not  screened  at  all  (Figure  1). 

Predictors  of  Mental  Health 
Appointments  After  Screening 

After  the  exclusion  of  veterans  with  mental 
health  visits  prior  to  postdeployment  screen¬ 
ing,  multivariate  analyses  adjusted  for  age, 
race/ ethnicity,  gender,  VA  facility  type,  num¬ 
ber  of  VA  visits,  and  visits  to  primary  care 
revealed  that  veterans  who  screened  positive 
for  PTSD  and  depression  were  independently 
more  likely  to  complete  a  follow-up  mental 
health  visit  within  90  days  of  screening. 

There  was  no  significant  association  between 
screening  positive  for  high-risk  alcohol  use 
and  mental  health  appointment  attendance. 
The  same  analysis  also  revealed  that  the 
likelihood  of  a  follow-up  mental  health  visit 
within  90  days  of  screening  was  increased  for 
veterans  who  were  seen  in  a  VA  community 
clinic  versus  the  medical  center  (AOR =6.08; 
95%  Cl  =  1.56,  23.6)  and  for  those  seen  in 
primary  care  versus  another  outpatient  set¬ 
ting  (AOR=  19.4;  95%  CI=1.30,  290). 

DISCUSSION 

We  sought  to  describe  the  VA  postdeploy¬ 
ment  screening  program  at  1  VA  medical 
center  and  its  5  associated  community-based 
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Note.  PTSD  =  posttraumatic  stress  disorder.  The  proportions  presented  are  those  of  veterans  seen  at  the  San  Francisco 
Veterans  Administration  Medical  Center  and  associated  community-based  outpatient  clinics  who  screened  positive  for  mental 
health  symptoms  (n  =  233). 

FIGURE  2-The  proportions  of  veterans  of  Operation  Iraqi  Freedom  or  Operation  Enduring 
Freedom  who  screened  positive  for  symptoms  of  posttraumatic  stress  disorder,  depression, 
high-risk  alcohol  use,  and  comorbid  symptoms:  September  11, 2001,  to  June  30, 2006. 


clinics  from  2004  to  2006.  We  also  sought 
to  determine  whether  screening  facilitated 
follow-up  mental  health  assessment  for  veter¬ 
ans  of  OIF  or  OEF  who  screened  positive  for 
mental  health  disorders.  Our  results  indicated 
that  a  substantial  proportion  of  OIF  and  OEF 
veterans  met  screening  criteria  for  co-occurring 
mental  health  problems,  which  suggested  that 
the  VA  screens  may  help  overcome  a  “don’t 
ask;  don’t  tell”  climate  that  surrounds  stigma¬ 
tized  mental  illness.  Moreover,  veterans  of 
OIF  or  OEF  who  screened  positive  were  far 
more  likely  than  were  veterans  who  screened 
negative  or  who  were  not  screened  at  all  to 
attend  follow-up  mental  health  appointments 
within  90  days  of  screening. 

Veterans  Administration  Postdeployment 
Screening  Process 

Based  on  data  from  1  VA  facility,  we  found 
that  postdeployment  screening  was  adminis¬ 
tered  to  the  minority  of  OIF  and  OEF  veterans 
and  it  was  administered  differentially  on  the 
basis  of  clinic  and  facility  type  and  racial/ethnic 
group.  These  results  suggest  that  the  postde¬ 
ployment  screen  may  not  have  been 
acceptable  to  some  clinicians  or  patients.  Our 
data  are  limited  in  that  we  lack  individual-level 
facility,  provider,  and  patient  data  as  to  why  the 
majority  of  screens  were  not  performed.  The 
OIF  and  OEF  post-deployment  screen  is  not  a 
VA  performance  measure;  thus,  competing  clin¬ 
ical  priorities  may  take  precedence.  If  the 
screen  were  a  performance  measure,  comple¬ 
tion  rates  and  uniform  screening  practices 
would  likely  improve.18  Further,  formal  staff 


in-servicing  as  to  how  to  administer  psychologi¬ 
cal  screening  and  provide  feedback  of  sensitive 
test  results  would  likely  increase  screening  rates. 
Finally,  making  provisions  for  extra  clinician 
time  or  ancillaiy  clinic  staff  to  conduct  the  10- 
to  15-minute  screening  interview  would  likely 
increase  screening  mtes  in  busy  clinical  settings. 
Indeed,  since  this  study  was  conducted,  several 
of  these  changes  were  implemented  at  the 
medical  center  and  the  mte  of  postdeployment 
screening  in  primary  care  now  exceeds  90%. 

High  Proportion  of  Positive  Mental 
Health  Screens 

Notably,  an  extremely  high  proportion 
(69%)  of  OIF  and  OEF  veterans  who  under¬ 
went  postdeployment  screening  at  this  VA 
facility  screened  positive  for  PTSD,  depres¬ 
sion,  or  high-risk  alcohol  use.  By  contrast,  a 
recent  study  of  a  US  militaiy  postdeployment 
screening  program  showed  that  among  more 
than  300000  military  service  personnel, 
only  15%  reported  a  mental  health  concern.19 
Most  veterans  who  access  VA  care  are  sepa¬ 
rated  from  military  service  and,  thus,  may 
feel  less  stigma  than  military  personnel  might 
about  disclosing  mental  health  symptoms 
and  less  concern  about  a  negative  impact  on 
their  military  careers.4  In  addition,  veterans 
who  have  been  home  longer  may  develop 
symptoms  they  did  not  have  or  recognize 
previously.20  Further,  some  of  the  screening 
instruments  may  be  even  less  specific  in  com¬ 
bat  veterans  than  reported  in  other  studies 
because  they  have  not  yet  been  validated  in 
this  population. 


Mental  Health  Follow-Up  for  Positive 
Screens 

For  veterans  with  mental  health  symptoms, 
early  evidence-based  intervention  has  been 
shown  to  prevent  chronic  mental  illness.6,21 
Cognitive-behavioral  therapy  and  selective 
serotonin  reuptake  inhibitors  are  first-line  ther¬ 
apies  for  combat-related  PTSD  and  depres¬ 
sion  22,23  Our  results  from  1  VA  facility,  similar 
to  those  of  other  studies,  found  that  a  minority 
of  those  who  screened  positive  attended  a 
mental  health  follow-up  appointment  as  a  di¬ 
rect  result  of  screening.19,24  Hoge  et  al.  found 
that  although  31%  of  OIF  service  personnel 
had  at  least  1  mental  health  appointment,  only 
8%  of  these  were  referred  through  the  official 
screening  program.19  Our  data  are  limited  in 
that  we  were  not  able  to  determine  the  pro¬ 
portion  of  veterans  offered  referrals  who  de¬ 
clined  nor  the  details  of  why  some  screen¬ 
positive  veterans  did  not  accept  referrals  or 
attend  mental  health  clinic  appointments. 

This  finding  is  consistent  with  other  stud¬ 
ies,  however,  that  have  found  that  even  after 
mental  health  referrals  were  made,  military 
personnel  and  civilians  did  not  always  follow 
through  4,19,25  Of  note,  when  we  extended  our 
follow-up  period  beyond  90  days,  we  found 
that  the  majority  (73%)  of  veterans  who 
screened  positive  ultimately  attended  a  men¬ 
tal  health  appointment.  This  may  reflect  the 
importance  of  mental  health  screening  within 
the  context  of  a  longer-term  relationship  with 
a  primary  care  provider  who  may,  over  time, 
help  patients  overcome  their  reluctance  to 
accept  mental  health  treatment. 

Overcoming  Barriers  to  Mental  Health 
Care 

Barriers  to  mental  health  care  are  crucial 
to  address  in  the  planning  of  a  mental 
health  screening  program.  A  central  chal¬ 
lenge  is  that,  by  design,  most  veterans  are 
screened  in  primary  care,  which  requires 
a  referral  to  a  mental  health  clinic  for  those 
who  screen  positive.  Barriers  to  accessing 
mental  health  care  are  myriad— patient 
stigma  regarding  mental  health  treatment4; 
geographic  barriers;  family,  work,  or  school 
obligations;  avoidance;  low  motivation;  and 
denial— all  features  of  depression,  PTSD, 
and  alcohol-use  disorders.6,26  In  addition, 
unlike  the  mandate  to  provide  pre-  and 
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posttest  counseling  for  HIV  screening, 
there  is  no  precedent  for  provision  of  pre- 
and  posttest  counseling  for  mental  health 
screening,  which  carries  intense  stigma  for 
many.  This  may  be  a  missed  opportunity 
for  early  intervention  as  the  empathetic 
feedback  of  test  results  is  a  core  element 
of  motivational  interviewing,  a  psychothera¬ 
peutic  technique  used  to  enhance  mental 
health  treatment  engagement  and  behav¬ 
ioral  change.27 

Of  note,  the  VA  has  been  a  leader  in  pio¬ 
neering  a  collaborative  care  model  for  the 
integration  and  co-location  of  mental  health 
and  primary  care,26  removing  the  barrier  of 
making  a  separate  mental  health  appoint¬ 
ment  at  some  time  in  the  future  in  a  different 
location.  Formal  integrated  primary  and  men¬ 
tal  health  care  did  not  exist  at  these  VA  fa¬ 
cilities  during  the  study  period.  Because  the 
VA  community  clinics  are  small,  primary  care 
is  naturally  closer  in  proximity  to  mental 
health,  facilitating  communication.  This  may 
explain  why  a  greater  proportion  of  screen¬ 
positive  veterans  seen  at  the  VA  community 
clinics  had  follow-up  mental  health  appoint¬ 
ments  compared  with  veterans  screened  at 
the  medical  center.  To  bridge  the  gap  be¬ 
tween  primary  care  and  mental  health,  in 
April  2007,  an  integrated,  co-located  pri¬ 
mary  care  and  mental  health  care  clinic  was 
established  at  the  medical  center  specifically 
for  veterans  of  Iraq  and  Afghanistan.  To  date, 
of  42  veterans  of  OEF  and  OIF  seen,  35 
(83%)  were  seen  by  a  mental  health  special¬ 
ist  immediately  following  their  primary  care 
visit.  In  the  future,  expanded  telephone  and 
Internet-based  mental  health  treatment  op¬ 
tions  may  help  to  overcome  additional  barri¬ 
ers  to  care  among  OIF  and  OEF  veterans. 

Study  Limitations 

Our  study  had  some  limitations.  Most  im¬ 
portantly,  this  study  was  conducted  at  a  single 
VA  medical  center  and  its  5  associated  VA 
community  clinics;  thus,  our  results  may  not 
generalize  to  all  VA  facilities  in  other  geo¬ 
graphic  areas.  Specifically,  the  referral  of  vet¬ 
erans  who  met  criteria  for  a  positive  screen 
for  follow-up  mental  health  services  may 
have  differed  from  the  national  standard.  For 
instance,  at  many  VA  facilities,  veterans  who 
screen  positive  for  mental  health  problems  in 


primary  care  may  be  further  assessed  and 
treated  within  primary  care.  Finally,  because 
we  had  no  data  on  non-VA  mental  health 
encounters,  we  do  not  know  whether  veter¬ 
ans  were  receiving  mental  health  treatment 
outside  the  VA  system,  which  would  likely 
decrease  their  acceptance  of  a  referral  to  a 
VA  mental  health  clinic. 

Conclusions 

Our  results  from  a  single  VA  facility  indi¬ 
cated  that  the  postdeployment  mental  health 
screening  of  combat  veterans  has  the  poten¬ 
tial  to  overcome  a  “don’t  ask;  don’t  tell”  envi¬ 
ronment  that  surrounds  stigmatized  mental 
illness,  to  efficiently  detect  mental  health 
symptoms,  and  to  facilitate  early  intervention 
to  prevent  chronic  mental  illness.  Our  early 
experience  has  led  to  important  improve¬ 
ments  in  our  screening  process.  In  addition 
to  achieving  higher  screening  rates  through 
universal  screening  of  OEF  and  OIF  veterans 
who  presented  to  primary  care,  integrating 
and  co-locating  mental  health  specialists 
within  primaiy  care  has  increased  mental 
health  clinic  attendance  and  decreased  wait 
times.  Further  innovations  tailored  to  the 
needs  of  this  new  generation  of  veterans 
may  further  improve  mental  health  treatment 
adherence  beyond  initial  engagement.  ■ 
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1)  Pilot  Study  13: 

High-Field  Susceptibility- Weighted  MRI  and  Volumetric  Spectroscopic  Imaging  in 
Traumatic  Brain  Injury 

Principal  Investigator:  Wang  Zhan,  Ph.D. 


-  COMBINED  WITH  PILOT  STUDY  6  - 


2)  Pilot  Study  6: 

The  Post-traumatic  Syndrome  of  Blunt  Head  Injury:  Noninvasive  Neurochemical 
and  Structural  Assessment 

Principal  Investigator:  Grant  Gauger,  M.D. 


ABSTRACT 

Blunt  trauma  of  the  human  brain,  occurring  in  the  course  of  military  operations  of  a  wide  variety, 
presents  serious  problems  in  assessment,  treatment,  and  outcome  prediction.  Mild  traumatic 
brain  injury  (TBI)  is  frequently  followed  by  a  clinical  syndrome  which  is  associated  with  serious 
disability,  despite  the  absence  of  significant  abnormalities  on  conventional  radiologic  imaging. 
Magnetic  resonance  spectroscopy  has  revealed  changes  in  cerebral  metabolite  ratios  in  several 
sites,  suggesting  diffuse  tissue  damage.  In  a  previous  study  using  volumetric  proton  magnetic 
spectroscopic  imaging  (MRSI)  at  1.5T,  we  have  found  significant  changes  in  some  brain  regions 
for  average  values  from  all  TBI  subjects,  with  reduced  N-Acetylaspartate  (NAA)/Creatine  (Cr), 
increased  Choline  (Cho)/Cr,  and  reduced  NAA/Cho  ratios.  The  results  show  evidence  of 
widespread  metabolic  changes  in  regions  that  appear  normal  on  diagnostic  MR  images.  In  order 
to  clarify  the  extent  and  significance  of  such  changes,  we  propose  the  study  of  a  larger  number  of 
subjects,  using  the  4.0T  system,  with  repeat  testing  at  six  months  after  injury.  Moreover,  the 
application  of  diffusion  tensor  imaging  (DTI)  to  the  study  of  white  matter  fiber  systems  in  the 
brain  permits  an  assessment  of  the  relationship  of  metabolic  changes  in  nuclear  centers  to  the 
micro  structural  character  of  their  connecting  tracts.  Data  from  both  MRSI  and  DTI  will  be 
correlated  with  the  results  of  neurocognitive  and  psychological  testing.  This  correlation  is 
anticipated  to  lead  to  improved  understanding  of  the  post-concussion  syndrome,  with  early 
application  to  important  decisions  in  the  assessment  and  treatment  of  injured  military  personnel. 
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The  purpose  of  this  study  is  to  determine  the  nature  and  extent  of  differences  in  metabolic 
measures  between  mild  TBI  patients  and  normal  subjects,  using  4  Tesla  MRI  imaging.  Thisstudy 
is  designed  to  test  the  hypothesis  that  the  combination  of  metabolic 

information,  as  measured  with  volumetric  proton  MRSI,  and  white  matter  connectivity,  as 
measured  by  DTI,  provides  increased  prognostic  value  in  mild  TBI,  as  compared  to  either 
measure  alone.  Furthermore,  neuropsychological  data  will  be  correlated  with  the  MRI  findings  to 
determine  the  underlying  relationship  between  cognitive  impairments  and  white  matter  integrity. 
12  mTBI  subjects  and  6  normal  controls  are  studied  at  2  time  points  per  year  to  evaluate  post¬ 
injury  changes  in  the  brain  over  time. 


BODY 

Since  the  previous  annual  report  on  September  2007,  17  subjects  have  been  recruited,  and  have 
undergone  completion  of  the  consent  process  at  San  Francisco  General  Hospital  (SFGH).  Both 
injured  and  control  subjects  have  then  completed  the  neurocognitive  testing  battery  at  SFGH, 
followed  by  spectroscopy,  diffusion  tensor  imaging,  and  susceptibility  weighted  imaging  at  the 
San  Francisco  Veterans  Affairs  Medical  Center  (SFVAMC).  A  compromise  of  the  recruiting 
process,  caused  by  personnel  changes  at  SFGH,  and  resulting  in  slowed  acquisition,  has  been 
corrected  by  the  designation  of  a  new  local  coordinator. 

The  determination  of  the  nature  and  extent  of  differences  in  metabolic  measures  between  mild 
TBI  patients  and  normal  subjects,  using  the  4  Tesla  magnet,  will  be  accomplished  upon 
completion  of  data  acquisition  from  magnetic  resonance  spectroscopic  study  of  both  injured  and 
control  subjects,  with  repeat  testing  at  a  6-month  interval  in  determination  of  alterations  of 
metabolic  measures  over  time. 

Voxel-based  group  analysis  has  been  performed  on  the  diffusion  tensor  imaging  (DTI)  data 
acquired  from  14  injured  subjects  (Female=l,  29±7  yrs).  Significant  decreased  fractional 
anisotropy  (FA)  (p<0.01)  has  been  found  in  the  intersection  of  the  fornix  and  corpus  callosum 
(See  Fig.l,  a),  and  in  posterior  cingulate  cortex  (b). 


Fig.l:  Reduced  FA  (p<0.01)  in  head  injured  subjects  (N=13) 
compared  with  age  and  gender  matched  group. 
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White  matter  alterations  in  the  trauma  subjects  have  also  been  studied  by  correlation  of  DTI 
images  with  time  after  injury  (7~46  days).  Significant  negative  correlation  between  FA  and  time 
after  injury  was  again  found  in  cingulate  (p<0.01),  as  shown  in  Fig.2. 


Fig.2:  Negative  correlation  of  FA  with  time  after  injury 
(p<0.01)  in  the  injured  subjects  (N=13). 

The  correlation  of  MRSI  and  DTI  data  with  neurobehavioral  changes  determined  by  the 
neurocognitive  testing  will  be  undertaken  as  soon  as  data  acquisition  and  analysis  permit. 


KEY  RESEARCH  ACCOMPLISHMENTS: 

1.  Successful  and  continuing  advanced  MR  study  of  injured  subjects  and  controls,  and 
coordinated  neurocognitive  testing,  including  follow-up  examinations. 

2.  Development  of  effective  methodology  to  analyze  the  voxel-based  diffusion  tensor 
imaging  data  at  group  level. 

3.  Identification  of  patterns  of  white  matter  alteration  in  response  to  trauma,  as 
demonstrated  by  changes  in  fractional  anisotropy. 

REPORTABLE  OUTCOMES 

N/A 


CONCLUSION 

The  preliminary  results  of  DTI  investigation  suggest  the  possibility  of  distinctive  patterns  of 
fractional  anisotropy  change  in  acute  mild  head  injury  subjects.  We  plan  to  perform  correlation 
analysis  with  the  results  of  both  spectroscopic  and  neurocognitive  examinations. 

An  improved  understanding  of  the  mechanisms  of  mild  brain  injury,  including  concussion  and 
resulting  impairment  of  cerebral  function,  will  be  dependent  upon  the  correlation  of  biochemical, 
micro  structural,  and  cognitive  changes,  and  is  the  objective  of  the  current  study. 
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Pilot  Study  14:  Final  Report  (funding  period  04/01/06  -  06/30/08) 

Improve  Function  of  Spinal  Cord  Injury-included  Neurogenic  Bladder 


Principal  Investigator:  Rajvir  Dahiya,  Ph.D. 


ABSTRACT 

The  main  goal  of  this  proposal  was  to  investigate  a  novel  strategy  to  improve  the  function  of 
spinal  cord  injury  mediated  neurogenic  bladder  using  grafting  of  acellular  bladder  matrix 
(BAMG).  The  rationale  for  this  study  is  that  spinal  cord  injury  mediated  neurogenic  bladder  is  a 
common  problem  associated  with  our  combat  veterans.  The  treatment  for  this  type  of  combat- 
related  injury  is  limited.  Our  laboratory  and  others  have  developed  an  animal  model  for  spinal 
cord  injury  mediated  neurogenic  bladder.  We  used  this  model  to  improve  bladder  function  using 
grafting  of  acellular  bladder  matrix  to  enhance  bladder  capacity  and  compliance.  There  are  two 
specific  aims  of  this  project.  Under  aim  1,  we  investigated  whether  grafting  of  acellular  matrix 
can  improve  the  function  of  neurogenic  bladder  in  a  spinal  cord  injury  model.  Under  aim  2,  we 
investigated  whether  administration  of  growth  factors  can  stimulate  in  vivo  function  of  matrix- 
directed  regeneration  of  neurogenic  bladders.  The  results  of  these  experiments  suggest  that 
acellular  matrix  can  enhance  the  bladder  capacity  and  compliance  of  spinal  cord  injury  induced 
neurogenic  bladder.  Nerve  growth  factor  (NGF)  has  a  significant  synergistic  effect  on  the 
development,  differentiation  and  functional  restoration  of  the  acellular  matrix  when  administered 
with  vascular  endothelial  growth  factor  (VEGF)  in  neurogenic  bladder.  Our  results  indicate  that 
NGF  may  be  a  useful  cytokine  for  enhancing  the  regeneration  of  a  functional  bladder  following 
acellular  matrix  grafting  in  neurogenic  rat  model.  This  project  has  high  military  relevance 
because  spinal  cord  injury  mediated  neurogenic  bladder  is  a  common  problem  among  our 
combat  veterans.  The  treatment  for  such  combat-related  injury  is  limited.  The  data  generated 
from  this  project  presents  an  entirely  new  strategy  for  bladder  reconstruction  that  eliminates 
many  of  the  disadvantages  inherent  in  earlier  models. 
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The  main  goal  of  this  proposal  was  to  investigate  a  novel  strategy  to  improve  the  function  of 
spinal  cord  injury  mediated  neurogenic  bladder  using  grafting  of  acellular  bladder  matrix.  The 
hypothesis  is  that  spinal  cord  injury  mediated  neurogenic  bladder  can  be  regenerated  when 
grafted  with  acellular  bladder  matrix.  The  cellular  and  molecular  mechanisms  for  regeneration  of 
acellular  bladder  matrix  in  neurogenic  model  may  be  through  activation  of  various  cytokines 
such  as  growth  factors  that  will  accelerate  the  regeneration  of  acellular  matrix  bladder  when 
grafted  onto  neurogenic  rat  bladder.  Two  specific  aims  have  been  proposed  to  test  this 
hypothesis.  Specific  Aim  #  1:  To  investigate  whether  grafting  of  acellular  matrix  can  improve 
the  function  of  neurogenic  bladder  in  a  spinal  cord  injury  model.  Under  this  specific  aim,  we  will 
investigate  whether  grafting  of  acellular  bladder  matrix  can  regenerate  a  functional  bladder  using 
a  spinal  cord  injury  induced  neurogenic  rat  model.  Our  laboratory  and  others  have  developed  an 
animal  model  (rat)  for  spinal  cord  injury  mediated  neurogenic  bladder.  We  will  use  this  model  to 
improve  bladder  function  by  grafting  of  acellular  bladder  matrix  to  enhance  bladder  capacity  and 
compliance  in  neurogenic  bladder.  The  following  experiments  will  be  conducted  to  investigate: 
(a)  epithelial  migration;  (b)  smooth  muscle  cell  migration  and  growth;  (c)  neovascularization  and 
nerve  growth;  (d)  in  vivo  function  of  regenerated  neurogenic  bladder  by  urodynamic  studies. 
Specific  Aim  #2:  To  investigate  whether  administration  of  growth  factors  can  stimulate  in  vivo 
function  of  matrix-directed  regeneration  of  neurogenic  bladders. 
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There  were  two  specific  aims  of  this  project.  Under  aim  1,  we  investigated  whether  grafting 
of  acellular  matrix  can  improve  the  function  of  neurogenic  bladder  in  a  spinal  cord  injury 
model.  Under  this  aim,  we  used  female  rats  to  induce  spinal  cord  injury  (SCI)  by  transection  of 
the  spinal  cord  at  the  lower  thoracic  level.  Eight  weeks  following  spinalization,  bladder 
augmentation  using  BAMG  was  performed  after  hemicystectomy  of  the  hypertrophic  bladder. 
Cystometrography  was  performed  at  8  weeks  after  spinalization  and  again  at  8  weeks  after 
augmentation.  Several  urodynamic  parameters  were  measured  and  the  grafted  bladder  was 
histologically  evaluated.  Urodynamic  parameters  showed  improvement  in  some  bladder 
functions  in  both  hyperreflexic  and  underactive  bladders  after  augmentation.  In  addition,  bladder 
compliance  was  increased  in  hyperreflexic  bladders  and  decreased  in  underactive  bladders. 
Bladder  augmentation  decreased  bladder  capacity  in  high-capacity  rats  and  increased  it  in  low- 
capacity  rats.  Histological  evaluation  showed  complete  regeneration  of  BAMG  in  SCIinduced 
neurogenic  bladder  at  8  weeks  after  augmentation.  This  is  the  first  report  suggesting  that  the 
voiding  function  in  SCI-induced  neurogenic  bladder  can  be  improved  by  augmentation  using 
BAMG.  Improved  voiding  function  was  accompanied  by  histological  regeneration  of  BAMG. 
We  published  these  findings  in  World  J.  Urology  (25:  207-213,  2007). 

Specific  Aim  #2:  To  investigate  whether  administration  of  growth  factors  can  stimulate  in 
vivo  function  of  matrix-directed  regeneration  of  neurogenic  bladders.  Under  this  aim,  we 
used  female,  Sprague-Dawley  rats.  At  eight  weeks  after  spinalization  surgery  (neurogenic 
bladder),  they  were  divided  into  five  groups  consisting  of  untreated  controls  and  those  whose 
bladders  were  injected  with  no  either  growth  factor,  NGF  (2  pg/rat),  VEGF  (2  pg/rat)  or  both  at 
partial  BAMG  replacement  surgery.  After  eight  weeks,  bladder  function  was  assessed  by 
urodynamic  studies  and  bladders  were  harvested  for  histological  examination.  Smooth  muscle 
induction,  collagen  and  nerve  fiber  regeneration  were  assessed  immunohistochemically  using 
antibodies  to  smooth  muscle  actin  (a-actin),  Masson's  Trichrome  and  protein  gene  product  9.5 
(PGP  9.5)  respectively.  Bladder  capacity  and  compliance  were  significantly  increased  in  all 
BAMG  groups  8  weeks  after  surgery  compared  with  that  before  bladder  replacement  surgery. 
Bladder  capacity  and  compliance  were  much  higher  in  YEGF  and  NGF  combined  group  than  in 
controls,  or  NGF  and  VEGF  alone  groups.  This  is  the  first  report  demonstrating  that  NGF  has  a 
significant  synergistic  effect  on  the  development,  differentiation  and  functional  restoration  of  the 
BAMG  when  administered  with  VEGF  in  neurogenic  bladder.  Our  results  indicate  that  NGF  may 
be  a  useful  cytokine  for  enhancing  the  regeneration  of  a  functional  bladder  following  acellular 
matrix  grafting  in  neurogenic  rat  model.  All  these  experiments  are  completed  and  got  accepted 
for  publication  (Kikuno  et  al,  2008). 
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KEY  RESEARCH  ACCOMPLISHMENTS 

The  major  findings  of  this  project  are  the  followings:  First,  grafting  of  acellular  matrix  on  spinal 
cord  injury-induced  neurogenic  bladder  can  enhance  both  histological  and  functional  parameters 
and  thus  resulting  in  increased  in  bladder  capacity  and  compliance.  Second,  nerve  growth  factor 
(NGF)  has  a  significant  synergistic  effect  on  the  development,  differentiation  and  functional 
restoration  of  the  acellular  matrix  when  administered  with  vascular  endothelial  growth  factor 
(VEGF)  in  neurogenic  bladder.  Our  results  indicate  that  NGF  may  be  a  useful  cytokine  for 
enhancing  the  regeneration  of  a  functional  bladder  following  acellular  matrix  grafting  in 
neurogenic  rat  model.  This  project  has  high  military  relevance  because  spinal  cord  injury 
mediated  neurogenic  bladder  is  a  common  problem  among  our  combat  veterans.  The  treatment 
for  such  combat-related  injury  is  limited.  The  data  generated  from  this  project  presents  an 
entirely  new  strategy  for  bladder  reconstruction  that  eliminates  many  of  the  disadvantages 
inherent  in  earlier  models. 


REPORTABLE  OUTCOMES 

Urakami  S,  Shiina  H,  Enokida  H,  Kawamoto  K,  Kikuno  N,  Fandel  T,  Vejdani  K,  Nunes  L, 
Igawa  M,  Tanagho  EA,  Dahiya  R.  Functional  improvement  in  spinal  cord  injury-induced 
neurogenic  bladder  by  bladder  augmentation  using  bladder  acellular  matrix  graft  in  the  rat. 
World  J  Urol.  25(2):207-13,  2007. 

Kikuno  N,  Kawamoto,  Hiroshi  Hirata  H,  Vejdani  K,  Kawakami  K,  Fandel  T,  Nunes  L,  !, 
Urakami  S,  Shiina  H,  Igawa  M,  2,  Tanagho  E,  and  Dahiya  R.  Nerve  growth  factor  (NGF) 
combined  with  vascular  endothelial  growth  factor  (VEGF)  enhances  regeneration  of  bladder 
acellular  matrix  graft  in  spinal  cord  injury-induced  neurogenic  rat  bladder.  Brit.  J.  Urology 
(accepted  for  publication,  2008). 


CONCLUSIONS 

In  summary,  the  results  of  this  project  suggest  that  grafting  of  acellular  matrix  on  spinal  cord 
injury-induced  neurogenic  bladder  can  enhance  both  histological  and  functional  parameters  and 
thus  resulting  in  increased  in  bladder  capacity  and  compliance.  Second,  nerve  growth  factor 
(NGF)  has  a  significant  synergistic  effect  on  the  development,  differentiation  and  functional 
restoration  of  the  acellular  matrix  when  administered  with  vascular  endothelial  growth  factor 
(VEGF)  in  neurogenic  bladder.  This  project  has  high  military  relevance  because  spinal  cord 
injury  mediated  neurogenic  bladder  is  a  common  problem  among  our  combat  veterans.  The 
treatment  for  such  combat-related  injury  is  limited.  The  data  generated  from  this  project  presents 
an  entirely  new  strategy  for  bladder  reconstruction  that  eliminates  many  of  the  disadvantages 
inherent  in  earlier  models. 
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Abstract  Spinal  cord  injury  (SCI)  rostral  to  the  lumbo¬ 
sacral  level  causes  bladder  hyperreflexia  and  detrusor- 
sphincter  dyssynergia  (DSD),  which  are  accompanied  by 
bladder  hypertrophy.  We  hypothesize  that  bladder  aug¬ 
mentation  using  a  bladder  acellular  matrix  graft 
(BAMG)  can  improve  the  function  of  SCI-mediated 
neurogenic  bladder.  In  female  rats  ( n  =  35),  SCI  was 
induced  by  transection  of  the  spinal  cord  at  the  lower 
thoracic  level.  Eight  weeks  following  spinalization,  blad¬ 
der  augmentation  using  BAMG  was  performed  after 
hemicystectomy  of  the  hypertrophic  bladder.  Cystomet- 
rography  was  performed  at  8  weeks  after  spinalization 
and  again  at  8  weeks  after  augmentation.  Several  urody- 
namic  parameters  were  measured  and  the  grafted  blad¬ 
der  was  histologically  evaluated.  Thirty  one  rats  were 
alive  8  weeks  after  spinalization.  Twenty  two  (71%)  rats 
developed  hyperreflexic  bladders  and  nine  (29%)  rats 
had  underactive  bladders  before  bladder  augmentation. 
Twenty  six  rats  survived  until  8  weeks  after  augmenta¬ 
tion.  Urodynamic  parameters  showed  improvement  in 
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some  bladder  functions  in  both  hyperreflexic  and  under¬ 
active  bladders  after  augmentation.  In  addition,  bladder 
compliance  was  increased  in  hyperreflexic  bladders  and 
decreased  in  underactive  bladders.  Bladder  augmenta¬ 
tion  decreased  bladder  capacity  in  high-capacity  rats  and 
increased  it  in  low-capacity  rats.  Histological  evaluation 
showed  complete  regeneration  of  BAMG  in  SCI- 
induced  neurogenic  bladder  at  8  weeks  after  augmenta¬ 
tion.  This  is  the  first  report  suggesting  that  the  voiding 
function  in  SCI-induced  neurogenic  bladder  can  be 
improved  by  augmentation  using  BAMG.  Improved 
voiding  function  was  accompanied  by  histological  regen¬ 
eration  of  BAMG. 

Keywords  Bladder  acellular  matrix  graft  • 

Bladder  augmentation  •  Spinal  cord  injury  • 

Neurogenic  bladder  •  Tissue  engineering 

Introduction 

Voluntary  micturition  is  regulated  by  a  complex  mech¬ 
anism  in  the  spinal  and  supraspinal  neural  pathways. 
Spinal  cord  injury  (SCI)  rostral  to  the  lumbosacral 
level  eliminates  the  voluntary  control  of  micturition  [1, 
2].  After  the  initial  SCI-induced  areflexic  bladder,  the 
bladder  becomes  hyperreflexic  and  bladder  sphincter 
coordination  is  impaired,  leading  to  detrusor-sphincter 
dyssynergia  (DSD).  This  causes  urinary  retention  and 
bladder  overdistension,  and  increases  the  workload  of 
the  bladder  leading  to  hypertrophy  of  the  bladder  mus¬ 
cle.  Lower  urinary  tract  dysfunction  including  heavy 
trabeculation  and  diverticular  formation  of  the  bladder 
causes  various  problems,  such  as  urinary  incontinence, 
urinary  tract  infection  and  upper  urinary  tract  damage. 
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Standard  treatment  for  neurogenic  bladder  after 
SCI  is  usually  limited  to  urinary  drainage  by  catheteri¬ 
zation,  which  can  lead  to  repeated  urinary  tract  infec¬ 
tion  and  lower  quality  of  life.  Surgical  options  for 
neurogenic  bladder  that  has  failed  to  respond  to  con¬ 
servative  treatments  are  augmentation  cystoplasty. 
This  technique  can  potentially  solve  the  problems  asso¬ 
ciated  with  bladder  capacity.  However,  urinary  tract 
infection,  mucus  production,  urolithiasis  and  absorp¬ 
tive  disadvantage  related  to  the  usage  of  bowel  seg¬ 
ments  are  increased  since  this  type  of  enterocystoplasty 
cannot  guarantee  detrusor  function  which  is  necessary 
for  physiological  micturition  [3,  4]. 

Recently,  we  have  demonstrated  the  applicability  of 
bladder  replacement  using  bladder  acellular  matrix 
graft  (BAMG)  as  a  scaffold  for  complete  regeneration 
of  smooth  muscle,  urothelium,  blood  vessels  and 
nerves  in  normal  rats  [5-8].  The  bladder  capacity  and 
compliance  of  the  grafted  bladder  were  improved  as 
compared  to  controls.  The  grafted  bladder  had 
restored  function  for  emptying  and  served  as  a  low- 
pressure  reservoir.  Thus,  bladder  replacement  using 
BAMG  may  be  an  alternative  surgical  option  to  aug¬ 
mentation  enterocystoplasty  for  refractory  neurogenic 
bladder.  We  hypothesize  that  bladder  replacement 
using  BAMG  in  SCI-induced  neurogenic  bladder  will 
restore  normal  bladder  function.  Since  SCI  rats  and 
humans  exhibit  similar  lower  urinary  tract  dysfunction 
[2],  this  study  was  conducted  with  SCI  rats  to  evaluate 
whether  BAMG  replacement  could  show  functional 
and  histological  improvement  of  SCI-mediated  neuro¬ 
genic  bladder. 


Materials  and  methods 

Animals 

For  this  study  we  used  35  female  Sprague-Dawley  rats 
(Charles  River,  Montreal,  QC,  Canada)  weighing  200 
to  250  g.  The  animals  were  maintained  and  treated 
according  to  our  institutional  guidelines.  The  local 
Animal  Care  Committee  approved  the  experimental 
protocol. 

Bladder  acellular  matrix  grafts 

The  BAMG  was  prepared  from  bladders  harvested 
from  4-month-old  female  Sprague-Dawley  rats,  and  it 
was  prepared  as  described  previously  in  our  labora¬ 
tory  [5-8].  In  brief,  bladders  were  washed  with  PBS 
and  then  treated  with  0.1  M  sodium  chloride  solution 
containing  DNase  for  2  days  to  lyse  all  the  cells.  The 


bladders  were  then  treated  with  4%  sodium  deoxy eti¬ 
olate  overnight.  The  BAMG  size  was  almost  same, 
and  acellularity  was  confirmed  by  light  microscopy 
using  H&E  and  methyl  green  pyronin  staining  before 
grafting. 

Spinalization  surgery 

Rats  were  anesthetized  by  inhalation  of  2%  isoflurane. 
A  midline  dorsal  incision  was  made  over  lower  thoracic 
vertebra  to  expose  the  vertebral  spines  and  paraverte¬ 
bral  muscles.  A  laminectomy  of  the  T10  spinal  verte¬ 
brae  was  performed  and  the  spinal  cord  was 
completely  transected  at  the  lower  thoracic  level.  Post- 
operatively  the  bladder  was  manually  emptied  twice 
daily  until  reflex  voiding  recovered  after  SCI.  Further¬ 
more,  additional  10  rats  also  underwent  spinalization 
surgery  as  SCI-control  rats  without  bladder  replace¬ 
ment. 

Bladder  wall  replacement  surgery 

After  8  weeks  the  spinalized  rats  were  prepared  for 
bladder  replacement  surgery.  Rats  were  anesthetized 
by  inhalation  of  2%  isoflurane.  The  urinary  bladder 
was  exposed  via  a  small  suprapubic  incision  and  partial 
cystectomy  (50%)  was  performed.  The  BAMG  was 
then  anastomosed  to  the  host  bladder  with  running  and 
interlocking  7-0  absorbable  sutures.  The  bladder  was 
irrigated  with  normal  saline  to  test  the  anastomosis  for 
leakage. 

Cystometrography 

Cystometrography  was  done  before  grafting  and 
repeated  8  weeks  after  bladder  replacement.  All  rats 
underwent  cystometrography  under  ketamine  anesthe¬ 
sia  (100  mg/kg)  [9].  Cystometrography  was  performed 
according  to  previously  published  methods  [10].  After 
the  bladder  was  emptied,  saline  was  infused  into  the 
bladder  at  0.2  ml/min.  The  variables  recorded  during 
saline  infusion  included  resting  bladder  pressure, 
threshold  bladder  volume  (bladder  capacity),  thresh¬ 
old  voiding  pressure,  bladder  compliance,  voided  vol¬ 
ume,  residual  urine  volume  (RUV),  voiding  efficacy, 
frequency  of  uninhibited  detrusor  contractions  (UIC), 
maximal  amplitude  of  UIC  and  infused  saline  volume 
at  the  first  UIC.  Bladder  compliance  was  calculated  by 
dividing  the  bladder  capacity  by  the  threshold  voiding 
pressure.  Voiding  efficacy  was  estimated  using  the  for¬ 
mula,  (voided  volume/bladder  capacity)  xlOO.  A  con¬ 
traction  of  15  cm  of  H20  or  greater  was  considered  an 
UIC.  The  presence  of  UIC  in  this  model  of  neurogenic 
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bladder  was  categorized  as  a  hyperreflexic-bladder, 
whereas  the  absence  of  UIC  indicated  an  underactive- 
bladder.  Cystometrography  was  performed  on  10  nor¬ 
mal  rats  serving  as  controls. 

Histologic  evaluation 

After  completion  of  all  procedures,  the  bladder  was 
filled  with  a  10%  formalin  solution  and  removed.  The 
bladder  specimens  were  embedded  in  paraffin  wax. 
Deparaffinized  sections  (4  pm)  were  used  for  staining 
with  hematoxylin  and  eosin  (H&E)  and  Masson’s  tri¬ 
chrome.  Immunohistochemical  staining  was  performed 
using  anti-smooth  muscle  actin  (a-actin)  (Sigma,  St 
Louis,  MO)  and  anti-Desmin  (Santa  Cruz  Biotechnol¬ 
ogy,  Santa  Cruz,  CA)  to  confirm  the  presence  of 
smooth  muscle  fibers.  Immunostaining  of  anti-CD31 
(Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  was  used 
to  assess  endothelial  cell  regeneration  and  anti-protein 
gene  product  9.5  (PGP  9.5)  (Biogenesis,  Poole,  UK) 
was  used  to  detect  nerve  fibers. 

Statistical  analysis 

The  relationship  between  pre-  and  post-augmentation 
in  urodynamic  parameters  was  analyzed  using  a 
Wilcoxon  signed-rank  test.  Other  statistical  analysis 
was  performed  using  the  Mann-Whitney  test.  A 
P-value  of  less  than  0.05  was  considered  to  be  statisti¬ 
cally  significant. 


Results 

Mortality  and  morbidity  of  spinalization  and  bladder 
replacement 

Suprasacral  spinalization  surgery  was  performed  on  35 
rats.  Four  rats  (11.4%)  died  before  bladder  replace¬ 
ment  surgery.  Eleven  rats  (31.4%)  had  gross  hematuria 
after  spinalization.  Overdistention  of  the  bladder  was 
assumed  to  be  the  cause  of  hematuria.  Six  rats  (17.1%) 
developed  urinary  tract  infections.  Eight  weeks  after 
spinalization  31  rats  (88.6%  survival  rate)  underwent 
bladder  replacement  surgery  after  cystometrography. 
However,  five  animals  (16.1%)  died  due  to  urine 
leakage  at  the  site  of  anastomosis.  Twenty-six  rats 
(83.9%)  survived  to  8  weeks  after  replacement  and  had 
cystometrography  at  this  time.  Nine  rats  (34.6%)  were 
found  to  have  vesical  stones  at  bladder  harvest  after 
cystometrography.  Some  stones  had  formed  on  the 
absorbable  or  non-absorbable  sutures.  Ten  rats  (38.7%) 
developed  urinary  tract  infection  after  replacement. 


Sixteen  rats  (61.5%)  had  hematuria  after  replacement. 
The  causes  for  hematuria  were  urinary  tract  infection 
early  after  replacement  and  stone-formation  at  later 
times. 

Cystometrography 

All  10  normal  control  rats  showed  a  stable  cystometro- 
gram  with  no  UIC  (Fig.  la).  However,  of  the  31  surviv¬ 
ing  SCI  rats,  22  rats  (71.0%)  developed  hyperreflexic 
bladders  with  UIC  and  9  (29.0%)  had  underactive 
bladders  with  no  UIC  8  weeks  after  spinalization 
(Fig.  lb,  c).  In  these  nine  rats  with  underactive  blad¬ 
ders,  8  (88.9%)  had  gross  hematuria  after  spinalization. 
The  average  bladder  capacity  and  RUV  of  SCI  rats 
(4.2  zb  2.3,  1.5  ±  1.6  ml,  respectively)  was  significantly 
higher  than  that  of  normal  rats  (0.5  ±  0.1, 
0.05  ±  0.02  ml,  respectively)  (P  <  0.05).  All  SCI  rats 
had  a  grossly  hypertrophied,  thick  bladder  wall  prior  to 
bladder  replacement. 

In  addition,  SCI-control  rats  without  bladder 
replacement  showed  similar  urodynamic  data  at 
8  weeks  and  16  weeks  after  spinalization  (data  not 
shown).  In  other  words,  condition  including  symptom 
and  data  will  stabilize  8  weeks  after  SCI  in  rats.  There¬ 
fore,  we  compared  urodynamic  parameters  between 
8  weeks  after  spinal  cord  injury  (as  pre-replacement) 
and  8  weeks  after  bladder  replacement  surgery  (as 
post-replacement).  Urodynamic  data  after  replace¬ 
ment  was  obtained  from  26  rats.  The  RUV  after 
replacement  significantly  decreased  as  compared  to 
that  before  replacement  and  voiding  efficacy  also  sig¬ 
nificantly  improved  (P  <  0.0001,  both)  (Fig.  2a,  b).  Sev¬ 
enteen  rats  developed  hyperreflexic  bladders  before 
replacement  and  had  a  significantly  decreased  UIC 
after  replacement  (P  <  0.002)  (Fig.  2c).  In  the  nine 
underactive-bladder  rats,  bladder  compliance  signifi¬ 
cantly  decreased  after  replacement  (P  <  0.02)  (Fig.  2d) 
and  bladder  capacity  showed  a  trend  toward  a  reduc¬ 
tion  (P  <  0.1).  Of  17  hyperreflexic  bladders,  9  were 
low-capacity  (>5  ml)  and  8  were  high-capacity 
>5.0  ml)  bladders.  In  the  hyperreflexic,  low-capacity 
bladders,  the  bladder  capacity  and  compliance  were 
significantly  increased  after  replacement  (P  <  0.03, 
both)  (Fig.  3a,  b).  Also,  the  frequency  of  UIC  during 
the  first  10  minutes  and  maximum  amplitude  of  UIC 
significantly  decreased  after  replacement  (P  <  0.03, 
P  <  0.03,  respectively)  (Fig.  3c,  d).  In  contrast,  the  hyp¬ 
erreflexic,  high-capacity  bladders  showed  a  significant 
decrease  of  capacity  after  replacement  (P  <  0.02) 
(Fig.  3e).  The  frequency  of  UIC  during  the  first 
10  minutes  and  maximum  amplitude  of  UIC  did  not 
change  after  replacement. 
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Fig.  1  a  Typical  cystometrogram  of  normal  bladder:  this  normal 
rat  showed  stable  cystometrogram  with  no  uninhibited  contrac¬ 
tions.  The  bladder  capacity  was  1.0  ml  and  the  peak  amplitude  of 
the  voiding  contractions  is  31.0  cm/H20.  b  Typical  cystometro¬ 
gram  of  SCI-induced  hyperreflexic-bladder  (hyperreflexia):  this 
spinalized  rat  showed  many  and  large  uninhibited  non-voiding 
contractions  (more  than  15  cm/H20)  during  saline  infusion.  The 


size  of  the  contractions  increased  with  time.  Bladder  capacity  was 
approximately  2.5  ml,  threshold  pressure  was  33.5  cm/H20,  and 
bladder  compliance  was  0.075.  c  Typical  cystometrogram  of  SCI- 
induced  underactive-bladder  (areflexia):  this  spinalized  rat 
showed  no  uninhibited  contractions  during  saline  infusion.  The 
bladder  capacity  was  more  than  4.0  ml,  and  bladder  compliance 
was  very  high 


Histologic  evaluation 

Rats  which  did  not  survive  the  full  8  weeks  after 
replacement  were  histologically  evaluated.  Two  days 
after  bladder  replacement,  there  was  a  monolayer  of 
urothelial  lining  on  the  BAMG  and  a  number  of  mes¬ 
enchymal  inhitrating  cells  (Fig.  4a).  At  2  weeks,  the 
lumen  of  the  BAMG  was  covered  with  multiple  layers 
of  urothelium  (Fig.  4b).  At  4  weeks,  spindle-shaped 
smooth  muscle  bundles  positive  for  a-actin  staining 
were  observed  in  the  sub-urothelium  (Fig.  4c,  d).  As 
for  the  rats  that  did  survive,  at  8  weeks,  aggregated 
bundles  of  smooth  muscle  were  observed  underneath 
the  urothelium  and  a  well-defined  detrusor  layer  was 
identified  (Fig.  4e-g).  However,  a-actin  expression 
and  collagen  fibers  were  significantly  less  apparent 
than  in  the  hypertrophied  host  bladder.  In  submucosal 
regions  of  the  BAMG,  densely  arranged  collagen 
fibers  were  also  observed  by  Masson’s  trichrome  stain¬ 
ing  (Fig.  4h).  Vascular  endotheliums  were  immuno- 
stained  with  anti-CD31  antibodies  (Fig.  4i).  Nerve 
cells  were  observed  with  PGP9.5  staining  at  8  weeks 
(Fig.  4j). 


Discussion 

When  the  spinal  cord  above  the  sacral  segment  is  dam¬ 
aged  in  rats,  the  SCI  produces  an  initial  period  of  blad¬ 
der  areflexia  that  lasts  for  several  days.  After  this 
period,  rats  usually  develop  hyperreflexic  bladders. 
However,  there  are  some  exceptions  to  this  rule,  par¬ 
ticularly  in  human  patients  with  lesions  of  the  thoraco¬ 
lumbar  vertebral  junction  where  the  sacral  cord  is 
located.  Our  results  with  rats  indicated  that  30%  had 
underactive  bladders  after  suprasacral  spinalization 
involving  the  thoraco-lumbar  region.  In  fact,  detrusor 
areflexia  has  been  reported  in  30%  of  human  patients 
with  suprasacral  SCI  or  disease  [11,  12].  The  cause  for 
this  is  hypothesized  to  be  the  coexistence  of  a  second 
sub-clinical  lesion  at  a  different  level,  a  post-traumatic 
vascular  involvement  of  distal  spinal  segments,  a 
variability  in  cord-to-column  correlation,  myogenic 
detrusor  damage  due  to  bladder  overdistension,  and  a 
disordered  integration  of  afferent  activity  at  the  sacral 
root  or  cord  level  [12, 13].  In  our  study,  the  coexistence 
of  hematuria  with  bladder  distention  was  related  to 
the  development  of  an  underactive  bladder.  Therefore, 
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Fig.  2  Urodynamic  parame¬ 
ters  before  and  after  replace¬ 
ment.  In  all  rats,  the  residual 
urine  volume  (a)  significantly 
decreased  and  voiding  efficacy 
(b)  significantly  improved  af¬ 
ter  augmentation  as  com¬ 
pared  with  those  before 
augmentation  ( P  <  0.0001, 
both).  The  rats  with  hyperre- 
flexic-bladder  showed  that  the 
maximum  amplitude  of  UIC 
significantly  decreased  after 
augmentation  (P  <  0.002)  (c). 
Furthermore,  in  underactive- 
bladder  rats,  bladder  compli¬ 
ance  was  significantly  de¬ 
creased  after  augmentation 
(P  <  0.02)  (d) 
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Fig.  3  In  hyperreflexic-blad¬ 
der  rats  with  low-capacity,  the 
bladder  capacity  (a)  and  blad¬ 
der  compliance  (b)  signifi¬ 
cantly  increased  after 
augmentation  as  compared 
with  those  before  augmenta¬ 
tion  (P  <  0.03,  both).  The 
number  of  UIC  in  the  first 
10  min  (c)  and  maximum 
amplitude  of  UIC  (d)  signifi¬ 
cantly  decreased  after  aug¬ 
mentation  (P  <  0.03,  P  <  0.03, 
respectively).  On  the  other 
hand,  the  hyperreflexic-blad¬ 
der  rats  with  high  capacity 
showed  a  significant  decrease 
of  bladder  capacity  after  aug¬ 
mentation  (P  <  0.02)  (e) 
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myogenic  detrusor  damage  due  to  bladder  overdisten¬ 
sion  during  the  areflexia  phase  may  influence  the  uro¬ 
dynamic  pattern  of  SCI-induced  neurogenic  bladder 
involving  the  thoraco-lumbar  junction. 

Our  experience  with  bladder  replacement  using 
B  AMG  has  been  very  encouraging.  We  investigated  the 
functional  and  histological  restoration  of  SCI-induced 


neurogenic  bladder  grafted  with  BAMG.  Initially,  the 
urodynamics  showed  improved  bladder  function  such 
as  voiding  efficacy  for  both  hyperreflexic  and  underac¬ 
tive  bladders  after  replacement.  In  addition,  UICs 
were  inhibited  in  hyperreflexic  bladders.  Moreover, 
bladder  replacement  decreased  bladder  capacity  in 
high-capacity  rats  and  in  contrast,  increased  the 
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Fig.  4  a  Representative  H&E  staining  of  B AMG  at  3  days  after 
grafting  (xlOO):  a  monolayer  of  urothelium  (black  arrows)  cov¬ 
ered  the  BAMG  surface.  A  diffuse  infiltration  of  mesenchymal 
cells  was  observed  in  the  suburothelium.  b  Representative  H&E 
staining  of  BAMG  at  2  weeks  after  grafting  (xlOO):  the  lumen  of 
the  BAMG  was  covered  with  multi-layers  of  urothelium  ( black 
arrows).  Sparse  thin  smooth  muscle  fibers  (< asterisks )  were  noted 
in  the  suburothelium  along  with  blood  vessels,  c  Representative 
H&E  staining  of  BAMG  4  weeks  after  grafting  (xlOO):  Smooth 
muscle  fibers  were  increased  and  aggregated  into  small  bundles, 
d  Representative  immunostaining  of  a-actin  in  the  BAMG 
4  weeks  after  grafting  (xlOO):  Spindle-shaped  smooth  muscle 
cells  with  oe-actin  positive  staining  were  observed  in  the  suburo¬ 
thelium.  e  Representative  H&E  staining  of  the  BAMG  8  weeks 
after  grafting  (xlOO):  Small  smooth  muscle  bundles  were  in¬ 
creased  and  aggregated  into  organized  thick  bundles,  f  Represen¬ 


tative  immunostaining  of  a-actin  in  the  BAMG  8  weeks  after 
grafting  (x  100):  Organized  smooth  muscle  bundles  in  the  BAMG 
show  strong  staining  for  a-actin.  g  Representative  immunostain¬ 
ing  of  Desmin  in  the  BAMG  8  weeks  after  grafting  (x200): 
Smooth  muscle  bundles  with  Desmin  positive  staining  were  ob¬ 
served.  h  Representative  Masson’s  trichrome  staining  of  the 
BAMG  8  weeks  after  grafting  (xlOO):  Collagen,  muscle  fibers 
and  nuclei  are  shown  as  blue,  red  and  black,  respectively.  In  sub¬ 
mucosal  regions,  densely  arranged  collagen  and  muscle  fibers 
were  observed,  i.  Representative  immunostaining  of  CD31  in  the 
BAMG  8  weeks  after  grafting  (x200):  vascular  endotheliums 
were  immunostained  with  anti-CD31  antibodies,  j.  Representa¬ 
tive  immunostaining  of  PGP9.5  in  the  BAMG  8  weeks  after  graft¬ 
ing  (x200):  nerve  cells  and  bundles  (< asterisks )  were  observed 
around  smooth  muscle  bundles 


bladder  capacity  in  low-capacity  rats.  This  functional 
improvement  in  both  hyperreflexic  and  underactive 
bladders,  demonstrates  that  the  regenerated  BAMG  in 
neurogenic  bladders  can  work  not  only  as  a  low-pres¬ 
sure  reservoir  (storage  of  urine),  but  also  as  a  func¬ 
tional  bladder  tissue  with  contractile  activity.  In 
addition,  histological  evaluation  showed  a  complete 
histological  regeneration  of  BAMG  including  neovas¬ 
cularity,  smooth  muscle  and  urothelium  regeneration 
and  re-innervation  in  SCI-induced  neurogenic  bladder 
8  weeks  after  replacement.  This  was  comparable  to  our 
previous  findings  in  normal  rats  [5-8].  In  addition,  we 
have  reported  that  normal  histological  and  functional 
regeneration  of  BAMG  was  observed  in  the  rat  chemi¬ 
cal  cystitis  model  [14].  Therefore,  bladder  replacement 
using  BAMG  can  lead  to  functional  and  histological 


improvement  over  diseased  host  bladder.  In  addition, 
bladder  hyperreflexia  after  SCI  is  induced  by  increased 
excitability  of  C-fiber  bladder  afferent  nerves  [15]. 
Bladder  C-fiber  afferent  nerve  activation  may  continue 
to  induce  DSD  and  cause  a  hypertrophied  bladder  to 
redevelop  in  a  successfully  regenerated  BAMG. 
Therefore,  treatment  of  DSD  with  bladder  replace¬ 
ment  may  also  require  external  sphincterotomy  or 
desensitization  of  the  C-fiber  afferent  nerves  with  intra¬ 
vesical  vanilloids  [16, 17]. 

Augmentation  surgery  is  an  invasive  treatment 
method.  Nonsurgical  treatment  is  the  mainstay  of  ther¬ 
apy  for  hyperreflexic  bladder,  and  available  options 
include  bladder  training,  electrical  stimulation,  phar¬ 
macotherapy,  and  a  combination  of  these  options  [18]. 
There  is  no  doubt  that  the  antimuscarinic  drugs  cur- 
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rently  used  in  clinical  practice  (oxybutynin,  toltero- 
dine,  trospium,  solifenacin  and  darifenacin)  are 
effective  in  reducing  the  symptoms  of  hyperreflexic 
bladder  [19].  However,  augmentation  surgery  should 
be  reserved  for  severe  problems  recalcitrant  to  phar¬ 
macologic  and  behavioral  therapeutic  endeavors. 

Conclusions 

In  this  study,  we  investigated  the  functional  and  histo¬ 
logical  restoration  of  SCI-mediated  neurogenic  blad¬ 
der  grafted  with  BAMG.  The  results  indicate  that 
bladder  replacement  using  BAMG  can  be  an  effective 
treatment  option  for  SCI-induced  neurogenic  bladder. 
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Abstract: 

OBJECTIVE:  The  purpose  of  this  study  was  to  determine  the 
combined  effects  of  nerve  growth  factor  (NGF)  and  vascular 
endothelial  growth  factor  (VEGF)  on  regeneration  of  the  bladder 
acellular  matrix  graft  (BAMG)  in  spinal  cord  injury  (SCI)-mediated 
neurogenic  bladder  in  rats. 

MATERIALS  AND  METHODS:  For  this  study  we  used  40  female, 
Sprague-Dawley  rats.  At  eight  weeks  after  spinalization  surgery 
(neurogenic  bladder),  they  were  divided  into  five  groups  consisting 
of  untreated  controls  and  those  whose  bladders  were  injected  with 
either  no  growth  factor,  NGF  (2  pg/rat),  VEGF  (2  pg/rat)  or  both  at 
partial  BAMG  replacement  surgery.  After  eight  weeks,  bladder 
function  was  assessed  by  urodynamic  studies  and  bladders  were 
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harvested  for  histological  examination.  Smooth  muscle  induction, 
collagen  and  nerve  fiber  regeneration  were  assessed 
immunohistochemically  using  antibodies  to  smooth  muscle  actin  (a- 
actin),  Masson's  Trichrome  and  protein  gene  product  9.5  (PGP  9.5) 
respectively. 

RESULTS:  Bladder  capacity  and  compliance  were  significantly 
increased  in  all  BAMG  groups  8  weeks  after  surgery  compared  with 
that  before  bladder  replacement  surgery.  Bladder  capacity  and 
compliance  were  much  higher  in  the  VEGF  and  NGF  combined  group 
than  in  controls,  or  NGF  and  VEGF  alone  groups.  There  was  no 
significant  difference  in  the  residual  volume  ratio  among  all  groups. 
CONCLUSIONS:  This  is  the  first  report  demonstrating  that  NGF  has 
a  significant  synergistic  effect  on  the  development,  differentiation 
and  functional  restoration  of  the  BAMG  when  administered  with 

VEGF  in  neurogenic  bladder.  Our  results  indicate  that  NGF  may  be  a 
useful  cytokine  for  enhancing  the  regeneration  of  a  functional 
bladder  following  acellular  matrix  grafting  in  neurogenic  rat  model. 
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ABSTRACT 

OBJECTIVE:  The  purpose  of  this  study  was  to  determine  the  combined  effects  of  nerve 
growth  factor  (NGF)  and  vascular  endothelial  growth  factor  (VEGF)  on  regeneration  of  the 
bladder  acellular  matrix  graft  (BAMG)  in  spinal  cord  injury  (SCI)-mediated  neurogenic 
bladder  in  rats. 

MATERIALS  AND  METHODS:  For  this  study  we  used  40  female,  Sprague-Dawley  rats. 
At  eight  weeks  after  spinalization  surgery  (neurogenic  bladder),  they  were  divided  into  five 
groups  consisting  of  untreated  controls  and  those  whose  bladders  were  injected  with  either 
no  growth  factor,  NGF  (2  pg/rat),  VEGF  (2  pg/rat)  or  both  at  partial  BAMG  replacement 
surgery.  After  eight  weeks,  bladder  function  was  assessed  by  urodynamic  studies  and 
bladders  were  harvested  for  histological  examination.  Smooth  muscle  induction,  collagen 
and  nerve  fiber  regeneration  were  assessed  immunohistochemically  using  antibodies  to 
smooth  muscle  actin  (a-actin),  Masson's  Trichrome  and  protein  gene  product  9.5  (PGP  9.5) 
respectively. 

RESULTS:  Bladder  capacity  and  compliance  were  significantly  increased  in  all  BAMG 
groups  8  weeks  after  surgery  compared  with  that  before  bladder  replacement  surgery. 
Bladder  capacity  and  compliance  were  much  higher  in  the  VEGF  and  NGF  combined 
group  than  in  controls,  or  NGF  and  VEGF  alone  groups.  There  was  no  significant 
difference  in  the  residual  volume  ratio  among  all  groups. 

CONCLUSIONS:  This  is  the  first  report  demonstrating  that  NGF  has  a  significant 
synergistic  effect  on  the  development,  differentiation  and  functional  restoration  of  the 
BAMG  when  administered  with  VEGF  in  neurogenic  bladder.  Our  results  indicate  that 
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NGF  may  be  a  useful  cytokine  for  enhancing  the  regeneration  of  a  functional  bladder 
following  acellular  matrix  grafting  in  neurogenic  rat  model. 
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INTRODUCTION 

Neurogenic  bladder  has  recently  become  a  common  indication  for  augmentation  surgery  in 
clinical  situations.  Augmentation  enterocystoplasty  is  suitable  for  selected  patients  with 
overactive  or  end-stage  bladder  disorders  that  have  failed  to  respond  to  conservative 
therapies  [1-3].  Although  this  technique  can  potentially  solve  the  problems  associated  with 
bladder  capacity,  the  potential  surgical  complications  such  as  dysbolism,  urolithiasis,  and 
absorptive  disadvantage  related  to  the  usage  of  bowel  segments,  and  cancer  induction  have 
limited  its  application  [1-3].  Recently,  we  and  other  investigators  have  demonstrated  the 
applicability  of  bladder  replacement  using  bladder  acellular  matrix  graft  (B  AMG)  as  one  of 
the  alternatives  to  augmentation  enterocystoplasty  in  normal  or  spinal  cord  injury 
(SCI)-induced  neurogenic  bladder  rats  [4,  5],  Nevertheless,  these  promising  results  have  not 
yet  become  clinically  relevant  [6],  One  major  problem  in  these  studies  is  the  lack  of  a  clear 
distinction  between  native  and  regenerated  bladder  in  total  bladder  function  after 
augmentation.  Another  crucial  problem  is  the  absorption  and  shrinkage  of  larger  grafts, 
which  may  result  from  insufficient  vascular  supply  and  smooth  muscle  regeneration  [6], 
Several  growth  factors  are  believed  to  play  an  important  role  in  organogenesis  [7,  8], 
Vascular  endothelial  growth  factor  (VEGF)  is  a  multifunctional  cytokine  that  functions  as 
an  inducer  of  vascular  permeability  and  endothelial  cell-specific  mitogen  [9].  In  addition  to 
its  angiogenic  function,  VEGF  also  serves  as  an  inhibitor  of  apoptosis  in  smooth  muscle 
[10],  and  endothelial  cells  [11]  and  as  a  neurotrophic  factor  involved  in  nerve  regeneration 
[12].  In  contrast,  nerve  growth  factor  (NGF)  is  the  first  and  best-characterized  member  of 
the  neurotrophin  family.  NGF  supports  the  survival  and  maintenance  of  peripheral  sensory 
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and  autonomic  neurons,  during  development  and  adult  stages  [13,  14].  Exogenous  NGF 
exogenous  administration  in  developing  animals  prevents  or  reduces  peripheral 
neuropathies  induced  by  chemical  and  surgical  insult  [15-17],  However,  the  optimal  choice 
and  combination  of  growth  factors  to  be  added  and  the  specific  contribution  of  each  growth 
factor  to  tissue  regeneration  remain  unclear.  We  have  previously  reported  that  VEGF  could 
enhance  BAMG  regeneration  at  early  but  not  late  periods  after  grafting  in  normal  rats  [18]. 

In  the  current  study,  we  investigated  whether  NGF  has  a  synergistic  effect  with  VEGF  on 
the  development  and  differentiation  of  the  BAMG  for  partial  bladder  replacement  and 
whether  the  effect  of  NGF  continues  until  the  late  periods  after  grafting  in  a  SCI-induced 
neurogenic  rat  bladder. 
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MATERIAL  S  AND  METHODS 

For  this  study  we  used  40  female,  Sprague-Dawley  rats  (Charles  River,  Montreal,  Quebec, 
Canada).  The  animals  were  divided  into  the  following  five  groups:  Group  1  received  only 
spinalization  surgery.  Group  2  received  BAMG  surgery  without  any  growth  factors  at  8 
weeks  after  the  spinalization  surgery.  Group  3  and  4  received  NGF  or  VEGF.  In  group  5, 
both  NGF  and  VEGF  were  injected  into  the  host  bladder.  The  animals  were  maintained  and 
treated  according  to  our  institutional  guidelines.  The  local  Animal  Care  Committee 
approved  the  experimental  protocol. 

The  bladder  from  adult  healthy  rats  were  harvested  and  decellularized  by  sequential 
48-hour  treatments  with  DNase  (400  U/40mL  of  2M  NaCl,  Sigma,  St.  Louis),  ammonium 
hydroxide  (0.05  mM),  and  sodium  deoxycholate  (2%),  followed  by  extensive  washes  with 
distilled  water  for  5  days.  Acellularity  was  confirmed  by  light  microscopy  using  H&E  and 
methyl  green  pyronin  staining  before  grafting. 

Rats  were  anesthetized  by  inhalation  of  2%  isoflurane.  A  midline  dorsal  incision  was  made 
over  lower  thoracic  vertebra  to  expose  the  vertebral  spines  and  paravertebral  muscles.  A 
laminectomy  of  the  T 10  spinal  vertebrae  was  performed  and  the  spinal  cord  was  completely 
transected  at  the  lower  thoracic  level.  Postoperatively  the  bladder  was  manually  emptied 
three  times  daily  until  reflex  voiding  recovered  after  SCI. 

After  8  weeks  the  spinalized  rats  were  prepared  for  bladder  replacement  surgery.  Under 
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anesthesia,  50%  partial  cystectomy  was  performed  and  50%  of  the  acellular  scaffold  was 
stitched  to  the  bladder  using  absorbable  7-0  PDS  running  sutures.  The  bladder  was  irrigated 
with  normal  saline  to  test  the  anastomosis  for  leakage.  Non-absorbable  6-0  Nylon  marking 
sutures  were  placed  at  4  points  immediately  under  the  PDS  suture  line.  In  the  groups  that 
received  growth  factors,  a  total  of  2  pg  of  each  growth  factor  was  injected  at  4  points  into 
the  bladder  submucosa  after  partial  cystectomy. 

Open-abdomen  cystometrography  was  done  before  grafting  and  repeated  8  weeks  after 
bladder  replacement.  All  rats  underwent  cystometrography  under  ketamine  anesthesia  (100 
mg/kg)  [19].  Cystometrography  was  performed  according  to  previously  published  methods 
[18].  After  the  bladder  was  emptied,  saline  was  infused  into  the  bladder  at  0.2  ml/min.  The 
variables  recorded  during  saline  infusion  included  resting  bladder  pressure,  threshold 

bladder  volume  (bladder  capacity),  threshold  voiding  pressure,  bladder  compliance,  voided 

volume,  residual  urine  volume  (RUV),  leak  pointed  pressure,  voiding  efficacy,  maximal 

amplitude  of  uninhibited  detrusor  contractions  (UIC).  Voided  volume  and  residual  volume 

mean  the  amount  which  was  leaked  from  the  meatus  around  the  tube  and  which  was 

drained  by  the  tube  after  the  leakage,  respectively.  A  contraction  of  15  cm  of  H2O  or  greater 
was  considered  an  UIC.  Bladder  compliance  was  calculated  by  dividing  the  bladder 
capacity  by  the  threshold  voiding  pressure.  The  presence  of  UIC  in  this  model  of 
neurogenic  bladder  was  categorized  as  a  hyperreflexic-bladder,  whereas  the  absence  of  UIC 
indicated  an  underactive-bladder. 
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After  completion  of  all  procedures,  the  bladder  was  filled  with  a  10%  formalin  solution  and 
removed.  The  bladder  specimens  were  embedded  in  paraffin  wax.  Deparaffinized  sections 
(4  pm)  were  used  for  staining  with  hematoxylin  and  eosin  (H&E)  and  Masson’s  trichrome. 
Immunohistochemical  staining  was  performed  using  anti-smooth  muscle  actin  (a-actin) 
(Sigma,  St  Louis,  MO)  to  confirm  the  presence  of  smooth  muscle  fibers.  Immunostaining 
of  anti-protein  gene  product  9.5  (PGP  9.5)  (Biogenesis,  Poole,  UK)  was  used  to  detect 
nerve  fibers. 

The  relationship  between  pre-  and  post-augmentation  in  urodynamic  parameters  was 
analyzed  using  a  Wilcoxon  signed-rank  test.  Other  statistical  analysis  was  performed  using 
the  Mann-Whitney  test.  A  P-value  of  less  than  0.05  was  considered  to  be  statistically 
significant. 
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RESULTS 

All  SCI-control  rats  without  bladder  replacement  (group  1)  showed  similar  urodynamic 
data  at  8  weeks  and  16  weeks  after  spinalization.  In  other  words,  bladder  functions 
stabilized  at  8  weeks  after  SCI.  Therefore,  we  compared  the  urodynamic  parameters  at  8 
weeks  after  spinal  cord  injury  (as  pre-replacement)  and  8  weeks  after  bladder  replacement 
surgery  (as  post-replacement)  in  each  group.  Of  the  40  SCI  rats,  27  rats  (67.5%)  developed 
hyperreflexic  bladders  with  UIC  and  8  (20.0%)  had  underactive  bladders  with  no  UIC  8 

weeks  after  spinalization  (Fig.  1).  Urodynamic  data  after  replacement  was  obtained  from  23 
rats.  The  bladder  capacity  and  compliance  were  significantly  increased  in  the  BAMG 
groups  8  weeks  after  surgery  compared  to  those  before  bladder  replacement  surgery.  As 
mentioned  previously,  there  was  no  significant  difference  in  these  parameters  in  group  1 
between  8  weeks  and  16  weeks  after  spinalization.  Furthermore,  both  capacity  and 
compliance  were  much  higher  in  the  VEGF  and  NGF  combined  group  (group  5)  than  in  the 
control  (group  2),  NGF  alone  (group  3)  or  VEGF  alone  (group  4)  (Fig.  2).  There  was  no 
significant  difference  in  the  recorded  parameters  between  pre-  and  post-augmentation 

except  for  bladder  capacity  and  compliance. 

H&E  and  Masson’s  trichrome  stains  showed  regeneration  of  the  urothelium,  blood  vessels, 
smooth  muscle,  and  nerve  fibers  into  the  acellular  collagen  scaffold  at  8  weeks  in  all  groups 
The  luminal  surface  of  the  implanted  BAMG  was  completely  covered  with  urothelium  8 
weeks  after  grafting  with  no  significant  difference  between  the  groups.  Aggregated  bundles 
of  smooth  muscle  were  observed  underneath  the  urothelium  and  a  well-defined  detrusor 
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layer  was  identified  in  all  groups.  Smooth  muscle  content  as  determined  by  alpha-actin 
staining  was  significantly  greater  in  group  5  (VEGF  and  NGF  combined  group)  than  in 
other  groups  at  all  points.  Specific  nerve  cell  staining  using  PGP9.5  showed  regeneration  of 
nerve  fiber  in  the  groups  with  growth  factors.  PGP9.5  positive  nerve  fibers  were  observed 
most  abundantly  in  group  5  (Fig.  3).  There  was  no  harmful  effect  of  growth  factors  on 
bladder  regeneration. 
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DISCUSSION 

Our  data  demonstrates  that  BAMG  combined  with  administration  of  NGF  and  VEGF 
improves  bladder  capacity  and  compliance  in  SCI-induced  neurogenic  rat  bladder 
accompanied  by  aggregated  bundles  of  smooth  muscle  and  regeneration  of  nerve  fibers. 
These  results  indicate  that  NGF  has  a  significant  synergistic  effect  on  the  development, 
differentiation  and  functional  restoration  of  the  BAMG  when  administered  with  VEGF  and 
that  the  combination  may  be  useful  for  enhancing  the  regeneration  of  a  functional  bladder 
following  grafting.  There  could  be  other  factors  that  may  also  contribute  to  the  bladder 
regeneration. 

When  the  spinal  cord  above  the  sacral  segment  is  damaged  in  rats,  the  SCI  produces  an 
initial  period  of  bladder  areflexia  that  lasts  for  several  days.  After  this  period,  rats  usually 
develop  hyperreflexic  bladders  [4],  On  the  other  hand,  it  has  been  reported  that  detrusor 
areflexia  happens  in  30%  of  human  patients  with  suprasacral  SCI  or  disease  [20,  21].  Based 
on  these  previous  reports,  our  data  that  hyperreflexic  bladder  was  induced  in  67.5%  of  rats 
and  underactive  bladder  in  20%  at  8  weeks  after  spinalization  surgery  is  close  to  previously 
reported  values.  There  were  no  differences  among  the  groups  with  regard  to  complications 
such  as  gross  hematuria,  UTI  or  vesical  stone  formation  8  weeks  following  spinalization 
surgery.  However,  these  complications  were  more  prevalent  in  rats  with  underactive 
bladders  compared  to  the  rats  with  hyperreflexic  bladders  at  8  weeks  after  spinalization 
surgery. 

We  and  several  other  investigators  have  already  demonstrated  the  histological  and 
functional  regeneration  of  healthy  and  SCI-induced  neurogenic  bladders  augmented  with 
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BAMG  in  a  rat  model  [4,  5],  We  have  also  shown  a  favorable  effect  of  VEGF  on  bladder 
regeneration  using  BAMG  at  the  early  period  in  the  healthy  rat  model  [18].  However,  the 
effects  of  NGF  and  VEGF  on  regeneration  of  neurogenic  bladder  have  not  been 
investigated.  We  believe  that  bladder  regeneration  using  BAMG  could  become  an  effective 
approach  if  it  was  adopted  to  treat  specific  pathological  conditions  such  as  sphincteric 
deficiency,  muscle  hypertrophy  and  fibrosis,  weak  detrusor,  or  impaired  innervations  of  the 
bladder.  In  the  present  study,  we  investigated  whether  bladder  augmentation  surgery  using 
BAMG  combined  with  additional  cytokines  can  effect  bladder  regeneration  and 
development  of  tissues  at  early  and  late  periods  in  order  to  enhance  functional  restoration  of 
SCI-induced  neurogenic  bladders.  As  autonomic  neural  modulation  has  been  a  major  target 
for  both  neurogenic  and  non-neurogenic  bladder  dysfunction,  the  restoration  of  neural 
function  may  represent  a  major  aspect  of  functional  bladder  regeneration  [6], 

Recent  studies  provide  mounting  evidence  for  a  direct  involvement  of  NGF  in  the 
angiogenic  process,  in  addition  to  the  well-established  “classical”  angiogenic  growth 
factors  such  as  VEGF  and  basic  FGF.  For  example,  NGF  induces  in  vitro  proliferation  of 
umbilical  cord  [22]  and  brain  capillaries  [23],  The  few  studies  in  animal  models  to  date 
indicate  that  NGF  up-regulates  VEGF  production  [24,  25]  and  induces  reparative 
neoangiogenesis,  arteriogenesis,  and  wound  healing  [26-29].  Whether  these  processes  occur 
cumulatively,  directly  via  NGF-induced  angio/arteriogenesis  or  indirectly  via  the  induction 
of  classical  “angiogenic  factors”  such  as  VEGF  remains  to  be  clarified.  However,  these 
previous  reports  indicate  that  NGF  could  enhance  the  potential  effect  of  VEGF. 

The  current  study  shows  that  both  bladder  capacity  and  compliance  were  significantly 
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improved  at  8  weeks  after  BAMG  when  either  NGF  or  VEGF  alone  or  in  combination  were 
administered  before  augmentation  surgery  compared  to  no  growth  factor.  Furthermore,  the 
grafted  BAMG  of  NGF/VEGF  (+/+)  rats  immunohistochemically  had  numerous 
alpha-actin-positive  spindle  cells  and  PGP9. 5-positive  nerve  cells  when  compared  to  the 
other  groups  of  rats  (Fig.3).  These  findings  support  the  hypothesis  that  the  combined 
administration  of  NGF  and  VEGF  can  accelerate  the  process  of  angiogenesis  and 
neurogenesis  in  the  grafted  BAMG  and  keep  them  stable  until  the  late  phase,  leading  to 
aggregation  of  smooth  muscle  bundles  and  enhancement  of  bladder  function  in  the  BAMG. 

Although  additional  studies  are  necessary  to  elucidate  the  precise  mechanism  of  how  NGF 
functions  synergistically  with  VEGF  in  BAMG,  our  results  indicate  that  NGF  may  be  a 
useful  cytokine  for  enhancing  the  regeneration  of  a  functional  bladder  following  grafting. 


13 


Page  15  of  24 


BJU  International 


CONCLUSION 

In  the  present  study,  NGF  has  a  significant  synergistic  effect  on  the  development, 
differentiation  and  functional  restoration  of  the  BAMG  when  administered  with  VEGF.  Our 
results  indicate  that  NGF  may  be  a  useful  cytokine  for  enhancing  the  regeneration  of  a 
functional  bladder  following  grafting. 
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Figure  legends 
Figure  1 

A.  Typical  cystometrogram  of  SCI-induced  hyperreflexic-bladder  (hyperreflexia):  this 
spinalized  rat  showed  many  large  uninhibited  non-voiding  contractions  (more  than  15 
cm/H20)  during  saline  infusion.  The  size  of  the  contractions  increased  with  time. 
Bladder  capacity  was  approximately  3.4  ml,  threshould  pressure  was  43.5  cm/HoO,  and 
bladder  compliance  was  0.078. 

B.  Typical  cystometrogram  of  SCI-induced  underactive-bladder  (areflexia):  this  spinalized 
rat  showed  no  uninhibited  contractions  during  saline  infusion.  The  bladder  capacity  was 
approximately  4.7  ml,  threshould  pressure  was  28.0  cm/H20,  and  bladder  compliance 
was  0.168 

Figure  2 

Bladder  capacity  (A)  and  compliance  (B)  at  8  weeks  and  16  weeks  after  spinalization 
surgery  in  group  1  (Gl)  and  before  and  after  BAMG  replacement  surgery  in  group  2-5 
(G2-5).  The  (pre)  and  (post)  means  before  and  after  BAMG  replacement  in  group  2-5, 
respectively.  Asterisk  (*)  indicates  the  statistical  difference  of  bladder  capacity  and 
compliance  between  pre-BAMG  replacement  and  post-BAMG  replacement  in  each  group. 
The  mark  (#)  indicates  the  statistical  difference  of  bladder  capacity  and  compliance 
between  post-BAMG  replacement  of  G2  and  G5. 
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Figure  3 

Gl.  Representative  H&E,  Masson’s  trichrome,  a-actin,  and  PGP9.5  staining  of  native 
bladder  at  16  weeks  after  spinalization  surgery  in  group  1  (x200). 

G2-5.  Representative  H&E,  Masson’s  trichrome,  a-actin,  and  PGP9.5  staining  of  B AMG  at 
8  weeks  after  grafting  in  group  2-5  (x200). 
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Fig.  3 


G1 

(No  BAMG  replacement) 


G2 

(BAMG  with  no  growth  factor) 


G3 

(BAMG  with  NGF) 


G4 

(BAMG  with  VEGF) 


(H&E)  (Masson’s  trichrome)  (a-Actin)  (PGP9.5) 


G5 

(BAMG  with  NGF  and  VEGF) 
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Novel  Neuroprotective  and  Regenerative  Agents  for  Head  and  Spinal 
Cord  Injury 

Principle  Investigator:  Stephen  Massa,  M.D.,  Ph.D. 


ABSTRACT 

PURPOSE:  To  investigate  the  effects  of  several  small  molecule  agonists  of  the  neurotrophin 
receptors  TrkB  and  p75NTR  on  outcomes  of  traumatic  brain  injury. 

SCOPE:  1.  Determine  whether  the  compounds  decrease  the  cell  degeneration  and  death  that 
occurs  in  traumatic  brain  injury  in  rats.  Determine  whether  the  compounds  decrease  memory  and 
motor  deficits  in  that  model.  2.  Determine  the  pharmacokinetics  of  the  compounds  access  to  the 
central  nervous  system. 

MAJOR  FINDINGS:  In  this  period,  we  confirmed  that  the  p75NTR  ligand  LM1 1A-31  decreases 
neural  cell  degeneration,  as  indicated  by  FluoroJadeB  staining,  in  the  hippocampus  and  cortex 
following  TBI.  In  detailed  dose-response  studies,  we  determined  that  10-100  nM  LM11A-31 
caused  maximal  proliferation  of  adult  hippocampal  neural  progenitor  cells  and  activation  of  AKT 
and  upregulation  of  polysialylated  NCAM,  a  marker  of  neuronal  differentiation;  the  compound 
was  also  found  not  to  decrease  cell  death  in  these  cultures,  suggesting  that  increases  in  cell 
number  were  due  principally  to  increased  cell  division.  LM11A-31  was  found  to  be  well 
absorbed  orally  and  rapidly  crosses  the  blood-brain  barrier 

SIGNIFICANCE:  Studies  to  date  suggest  that  LM11A-31  has  protective  effects  in  a  traumatic 
brain  injury  model.  Thus,  compounds  of  this  class  may  be  important  leads  in  the  development  of 
new  TBI  therapies. 
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INTRODUCTION 

In  several  models  of  CNS  trauma,  administration  of  a  neurotrophin  (e.g.  BDNF,  NGF)  protects 
tissues  acutely  and  promotes  longer  term  recovery.  However,  the  neurotrophins  are  poor  drugs  as 
they  are  labile,  exhibit  poor  CNS  penetration  and  may  augment  pain  pathways.  These  properties 
are  due  to  their  polypeptide  composition,  and  the  stimulation  of  intersecting  signalling  pathways 
through  the  activation  of  multiple  receptors.  To  address  these  problems,  we  have  previously 
identified,  and  extensively  characterized  in  vitro,  several  small,  stable,  non-peptidyl  drug-like 
compounds  that  potently  promote  neuronal  survival  through  selective  interactions  with  the 
neurotrophin  receptors  p75NTR  and  TrkB.  The  p75NTR-directed  compounds  also  inhibit  the 
action  of  proNGF,  which  has  been  implicated  in  the  apoptotic  death  of  oligodendrocytes  in  the 
spinal  cord  and  corticospinal  tract  neurons  in  the  brain  following  trauma.  In  the  previous  period 
we  established  an  injury  system  using  a  electromagnetic  impactor  to  produce  cortical  injury,  and 
delivered  compounds  intranasally.  We  found  that  the  p75  ligand  LM1 1A-31  and  the  TrkB  ligand 
LM22A-4  significantly  improved  motor  performance  and  upregulated  survival  signaling,  and 
LM11A-31  improved  memory  performance,  and  preliminarily  was  found  to  decrease 
hippocampal  cell  death,  and  increase  neural  progenitor  cell  survival  and/or  proliferation,  and 
promotes  neuronal  differentiation.  In  this  period  we  have  quantified  and  confirmed  the  effects  of 
LM11A-31  on  hippocampal  and  cortical  cell  death,  studied  effects  on  neuronal  precursors  in 
vivo,  and  extended  observations  on  the  mechanisms  of  compound  effects  on  neural  progenitor 
cells  in  culture. 
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BODY 

In  previous  studies  using  fluorescent  flow  (FACscan)  analysis  of  cells  dissociated  from 
hippocampi,  we  found  that  LM11A-31  reduced  death  of  neuronal  cells  following  TBI.  These 
results  were  confirmed  and  extended  with  in  situ  with  counting  of  FluoroJade  B  (FJB)  positive 
cells  in  the  hippocampus  and  cortex  (Fig.l). 


Vehicle  LM11A-31 


Fig.  1.  LM1 1A-31  decreases  neuronal  degeneration  in  the  hippocampus  and  cortex  following  CCI.  24  hrs  following  injury/dosing 
brains  were  sectioned  through  the  area  of  injury  (~70  slices)  and  every  fifth  section  counted  for  numbers  of  FJB+  cells  in  the  area 
of  interest.  Cortical  positive  cells  were  in  the  areas  surrounding  the  impact  site.  Hippocampal  FJB+  cells  were  seen  in  CA3  (shown 
above),  CA1  and  the  dentate  gyrus.  Left  panels,  representative  sections;  right  graphs,  quantitation  of  numbers  of  FJB+  cells/slice. 
N=35-45  slices/condition,  from  3  animals/condition.  Qualitatively  similar  results  are  seen  in  a  fourth  animal  not  yet  quantitated. 
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Preliminary  observations  suggest  that  the  number  of  cells  labeled  with  BrdU  and  expressing  Tuj  1 
is  increased  in  vivo  in  the  perilesional  area  with  LM11A-31  treatment  (Fig  2);  quantification  is 
ongoing  as  is  a  repetition  of  the  experiment. 


Fig.  2.  Adult  Sprague-Dawley  rats  were 
subjected  to  unilateral  CCI  and  administered 
BrdU  and  LM1 1A-31  or  vehicle  immediately 
following  the  procedure.  BrdU  administration 
continued  for  7  days,  and  LM1 1A-3 1/vehicle  for 
2  weeks,  at  which  time  they  were  sacrificed  and 
immunostained  for  BrdU  and  Tuj  1 .  A.  DAPI 
staining  of  sections  through  equivalent  regions  at 
the  edge  of  the  injury  cavity,  showing  increased 
cellularity  in  animals  treated  with  LM1 1 A-3 1 . 

No  such  area  of  increased  cellularity  is  observed 
in  any  animal  treated  with  vehicle.  Regions 
encompassed  by  white  squares  were  examined 
with  confocal  microscopy.  B.  Confocal 
colocalization  of  BrdU  and  Tuj  1 
immunofluorescence  in  regions  adjacent  the 
injury.  LM1 1  A-3 1  treatment  is  associated  with 
increases  of  both  BrdU  and  Tujl  signal,  though 
whether  the  proportion  of  Tuj  1-1  positive  cells  is 
different  from  control  has  not  yet  been 
determined.  A  similar  pattern  has  been  observed 
in  4  of  4  animals  examined  thus  far. 


Fig.  3.  LM1 1  A-3 1  increases  proliferation  of  adult  hippocampal  NPCs  and  does  not  prevent  cell  death  during 
differentiation.  A.  Proliferating  neurospheres  were  treated  with  LM1 1  A-3 1  and  BrdU  incorporation  measured  with  the  Roche  cell 
proliferation  ELISA  method.  *,  P<0.02;  **,  P<0.005,  ***,  P<0.001;  N=16  per  treatment  drawn  from  one  culture;  repeated  x3  with 
similar  results.  B.  NPCs  under  differentiation  conditions  treated  with  LM1 1A-31  as  indicated  and  assayed  for  cell  survival 
using  MTT  at  24  and  72  hrs  after  treatment.  N=8  per  treatment  drawn  from  one  culture. 
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LM11A-31  treatment  of  adult  hippocampal  NPCs  causes  significant  increases  in  proliferation 
beginning  at  1  nM,  with  a  maximum  at  -100  nM  (Fig  3 A).  Under  differentiation  conditions 
(removal  of  EGF  and  FGF,  low  serum)  cells  begin  to  die,  with  -40%  loss  over  72  hrs.  LM11A- 
31  does  not  interfere  with  cell  death  under  these  conditions  (Fig  3B). 


Fig.  4.  LM1 1 A-3 1  increases  AKT  activation  and  PSA-NCAM  expression  of  adult  hippocampal  NPCs.  A.Differentiating 
neurospheres  were  treated  with  LM 1 1  A-3 1 ,  and  AKT  activation  (A)  and  PSA-NCAM  levels  (B)  determined;  repeated  x3 
with  similar  results. 


The  PI3K/AKT  pathway  is  associated  neuronal  differentiation  of  NPCs;  LM11A-31  causes  a 
modest  constitutive  increase  in  AKT  activation  (Fig  4A),  and  promotes  differentiation  as 
indicated  by  an  increase  in  polysialylated-NCAM  (Fig  4B),  a  neuronal  marker.  This  latter 
increase  is  inhibited  by  LY294001,  a  PI3K  inhibitor  (not  shown),  implicating  the  PI3K/AKT 
pathway.  Preliminary  data  also  suggests  that  the  effect  of  LM11A-31  is  inhibited  by  blocking 
p75NTR  antibody,  confirming  its  action  through  the  receptor. 

Finally,  in  collaboration  with  Dr.  F.  Longo,  we  have  obtained  detailed  pharmacokinetic  data  on 
LM11A-31  distribution  in  brain  and  plasma  following  iv  and  oral  administration.  As  shown  in 
Fig  5,  LM11A-31  is  rapidly  absorbed  when  given  orally,  achieving  high  levels  in  <15  min  and 
reaching  a  maximum  at  -  30  min.  The  tl/2  in  brain  is  2-3  hours,  while  the  plasma  level  drops 
more  quickly.  We  have  also  found  that  LM11A-31  is  not  metabolized  significantly  by  human 
hepatic  microsomes,  nor  does  it  interact  with  any  of  50  known  receptors  in  a  CEREP  screen. 
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Fig.  5.  Brain  and  plasma  levels  of  LM1 1 A- 
3 1  (determined  by  LC-MS/MS)  following  a 
single  5  mg/kg  dose  iv  or  50  mg/kg  po  dose 
in  male  CD-I  mice  (N=3  per  time  point). 
Concentrations  in  brain  at  1 5  min  following 
po  dosing  correspond  to  ~900  nM  (if 
distributed  throughout  the  water  content  and 
may  be  higher  if  confined  to  the  extracellular 
space),  falling  to  ~  120  nM  at  8  hrs. 
Following  oral  administration,  the  half-life  in 
brain  is  2-3  hours. 


KEY  RESEARCH  ACCOMPLISHMENTS 

1.  Demonstrated  LM11A-31 -mediated  increased  survival  of  neurons  in  the  hippocampus 
and  cortex  following  TBI. 

2.  Demonstrated  increased  Tuj  1+  cells  with  LM1 1 A-3 1  treatment  in  situ  following  injury. 

3.  Demonstrated  increased  proliferation  and  differentiation  of  hippocampal  progenitor  cells 
with  compound  treatment;  preliminarily  found  this  to  be  dependent  on  PI3K/AKT 
pathway  activation. 

4.  Demonstrated  rapid  oral  uptake  of  the  compound  and  transit  of  the  blood  brain  barrier; 
the  apparent  half  life  in  the  brain  is  2-3  hours. 


REPORTABLE  OUTCOMES 

N/A 


CONCLUSION 

We  have  established  and  characterized  a  model  of  rat  head  injury  and  studied  the  effects  of 
compounds  from  two  new  classes  of  neurotrophic  compounds  on  post  injury  behavioral,  cellular 
and  biochemical  parameters.  Previous  results  suggested  that  a  p75NTR  ligand  improved  motor 
and  memory  behavioral  outcomes,  and  promoted  cell  survival  and  neural  progenitor  growth  and 
differentiation.  In  this  period  we  have  further  confirmed  the  effects  on  cell  survival,  examined 
the  dose  response  and  mechanisms  of  effects  on  progenitor  cell  proliferation  and  differentiation, 
and  examined  pharmacokinetic  parameters.  Further  studies  are  planned  to  expand  on  these 
observations  and  include  memory  testing  with  TrkB  ligand  treatment.  These  compounds  could 
represent  important  leads  in  the  development  of  new  therapies  for  preserving  and  recovering 
tissue  and  function  following  brain  and  spinal  cord  trauma. 
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Role  of  TREM-2  in  the  Microglial  Response  to  Injured  Neurons 


Principal  Investigator:  William  Seaman,  M.D.,  Staff  Physician  WOC 


ABSTRACT 

This  is  a  final  report  on  this  research  project,  which  was  funded  from  05/01/2006  to  09/30/2008. 

Brain  injury  can  follow  trauma,  ischemia,  or  inflammation.  In  response  to  neuronal 
injury,  microglia  can  initiate  repair  by  phagocytosing  dead  neurons  without  eliciting  further 
inflammation.  Alternatively,  microglia  may  be  activated  to  elicit  a  damaging  inflammatory 
response.  Thus,  like  macrophages,  microglia  may  develop  into  functionally  diverse  subsets. 
Prior  evidence  has  demonstrated  that  phagocytosis  is  promoted  and  inflammation  is  inhibited 
when  microglia  express  the  cell  surface  receptor  TREM2  (triggering  receptor  expressed  by 
myeloid  cells-2).  Our  studies  were  designed  to  test  the  hypothesis  that  this  effect  of  TREM2  is 
promoted  by  the  interaction  of  TREM2  with  ligands  (TREM2-L)  on  neurons.  As  evidence  that 
neuronal  cells  express  TREM2-L,  we  find  that  TREM2-Fc  fusion  protein  directly  stains 
Neuro2A  neuroblastoma  cells  as  well  as  cultured  cortical  and  dopamine  neurons,  and  apoptosis 
of  neurons  increases  their  expression  of  TREM2-L.  By  using  a  reporter  cell  assay,  we 
demonstrate  that  neurons,  especially  apoptotic  neurons,  directly  stimulate  TREM2,  and  an  anti- 
TREM2  mAh  blocks  this  stimulation.  To  further  examine  the  role  of  TREM2  and  TREM2-L  in 
phagocytosis  by  microglia,  we  have  studied  BV2  microglial  cells,  which  like  freshly  cultured 
microglia  express  TREM2.  We  find  that  apoptotic  Neuro2A  cells  are  phagocytosed  by  BV2 
microglia,  and  engulfment  is  reduced  by  one  of  our  anti-TREM2  mAh  but  not  others,  suggesting 
the  presence  of  a  functional  site  on  TREM2  that  is  blocked  by  the  antibody.  TREM2  and 
TREM2-L  interactions  provide  a  pathway  for  microglial  interactions  with  apoptotic  neurons  that 
may  promote  clearance  of  neuronal  debris  and  allow  brain  repair.  Our  work  is  relevant  to  the 
military  because  it  addresses  the  cellular  mechanisms  behind  injury  and  recovery  from  traumatic 
brain  injury.  Promotion  of  TREM2  expression  in  microglia  and/or  of  TREM2-L  on  neurons 
would  promote  healing  without  damaging  inflammation. 


1 


Seaman,  William  M.D.  W81XWH-05-2-0094 


TABLE  OF  CONTENTS 

Abstract . 1 

Table  of  Contents . 2 

Introduction . 3 

Body . 3-7 

Key  Research  Accomplishments . 7 

Reportable  Outcomes . 7 

Conclusions . 8 

References . 8 

Supporting  Data . 9 

Appendices . 9-12 


2 


Seaman,  William  M.D.  W81XWH-05-2-0094 


INTRODUCTION 

The  consequences  of  brain  injury  are  highly  regulated  by  microglia,  brain  cells  of 
macrophage  lineage.  Microglia  monitor  the  brain  environment,  support  neuronal  function, 
remove  damaged  neurons  by  phagocytosis,  and  can  initiate  inflammation.  In  response  to  injury, 
microglia  release  TNF-a  and  IL-6,  as  well  as  nitric  oxide  and  other  reactive  oxygen  species 
(ROS)  (7).  The  ensuing  inflammatory  response  is  important  to  combat  infection  and  as  a 
response  to  injury,  but  it  can  also  augment  damage  to  the  brain. 

TREM2  is  an  immunoglobulin-like  orphan  receptor  of  the  TREM  family  that  is  expressed 
on  immature  dendritic  cells,  activated  macrophages,  osteoclasts,  and  microglia  (2).  TREM2  and 
its  signaling  adapter  molecule  DAP12  are  critical  in  maintaining  homeostasis  of  the  CNS,  as 
demonstrated  by  the  finding  that  mutations  in  TREM2  or  DAP  12  lead  to  a  fatal 
neurodegenerative  disease,  Nasu-Hakola  disease.  One  function  of  TREM2/DAP12  is  to 
attenuate  inflammatory  cytokine  responses  of  macrophages  that  have  been  stimulated  by  toll-like 
receptor  (TLR)  ligands  (3-5).  Furthermore,  TREM2  expression  in  microglia  impairs  expression 
of  TNFa  and  NOS2  even  as  it  increases  phagocytosis  in  response  to  apoptotic  neurons  (6).  In 
mice  with  experimental  autoimmune  encephalitis  (EAE),  treatment  with  TREM2-expressing 
myeloid  cells  reduces  inflammation  and  improves  disease  (5,  7).  In  all,  these  findings  support  a 
model  in  which  TREM2  suppresses  inflammation  and  promotes  tissue  repair  through  removal  of 
apoptotic  cells.  Phagocytosis  of  apoptotic  cells  is  important  to  prevent  leakage  of  noxious 
contents,  and  to  suppress  unwanted  immune  responses  (8). 

Although  clinical  and  experimental  studies  demonstrate  the  importance  of  TREM2  in  the 
brain,  ligands  for  TREM2  have  not  been  characterized,  and  the  cellular  interactions  required  to 
activate  the  TREM2/DAP12  complex  have  not  been  defined.  We  therefore  tested  the  hypothesis 
that  ligands  for  TREM2  are  expressed  on  neurons,  especially  apoptotic  neurons,  and  that 
expression  of  TREM2  ligands  on  neurons  promotes  their  phagocytosis  by  microglia  and  can 
affect  the  cytokine  expression  of  microglia. 


BODY 

Our  central  hypothesis  is  that  regulatory  effects  of  TREM2  on  microglial  cell  function 
require  engagement  with  ligands  on  neuronal  cells.  Our  secondary  hypothesis  is  that  this 
response  is  altered  in  the  presence  of  bacterial  lipopolysaccharide  (LPS).  Our  Specific  Aims  are: 

1 .  Determine  the  expression  of  TREM2  ligand  on  freshly  prepared  neurons  by  staining  with 
soluble  TREM2  fusion  protein,  both  before  and  after  induction  of  apoptosis  in  the 
neurons. 

2.  Directly  demonstrate  the  response  of  TREM2  to  ligands  on  neuronal  cells  by  using  a 
reporter  cell  line  specific  for  engagement  of  TREM2. 

3.  Using  freshly  prepared  microglia,  examine  the  consequences  of  blocking  ligand 
recognition  by  TREM2  on  the  microglial  response  to  healthy  and  apoptotic  neurons,  as 
assessed  by  both  phagocytosis  and  cytokine  release. 

4.  By  crosslinking  biotinylated  F(ab’)2  anti-TREM2  mAh  on  microglia,  define  the  responses 
by  microglia  to  TREM2  alone  and  in  combination  with  LPS. 

5.  Test  the  consequences  of  exposure  to  LPS  on  the  microglial  response  to  healthy  and 
apoptotic  neurons,  with  or  without  blocking  of  TREM2. 
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Results 

Specific  Aim  1.  Determine  the  expression  of  TREM2  ligand  on  freshly  prepared  neurons  by 
staining  with  soluble  TREM2  fusion  protein,  both  before  and  after  induction  of  apoptosis  in  the 
neurons. 

Neurons  express  potential  ligands  for  TREM2  that  are  increased  by  apoptosis 

Because  TREM2  on  microglia  has  been  shown  to  be  important  for  the  phagocytosis  of 
apoptotic  neurons,  we  tested  the  hypothesis  that  TREM2  recognizes  a  ligand  on  neurons  that 
facilitates  engulfment.  To  address  this,  we  studied  both  the  neuronal  cell  line,  Neuro2A,  as  well 
as  primary  cultured  mouse  cortical  and  ventral  midbrain  neurons.  We  first  examined  these  cells 
for  the  expression  of  TREM2  ligands  (TREM2-L)  by  staining  them  with  a  TREM2-Fc  fusion 
protein  or,  as  a  control,  a  TREMl-Fc  control  fusion  protein.  The  chimeric  proteins  consist  of  the 
extracellular  domains  of  the  TREM  receptor  fused  to  the  Fc  domain  of  human  IgGl,  mutated  to 
reduce  binding  to  Fc  receptors.  By  cytochemistry,  staining  with  these  soluble  receptors 
demonstrated  that  both  Neuro2A  cells  and  fresh  neuronal  cells  bind  to  TREM2-Fc  but  not 
TREMl-Fc  (Figure  1).  These  data  suggest  that  multiple  cultured  neuronal  cells  express  a 
potential  ligand  for  TREM2. 

To  assess  the  effects  of  apoptosis  on  the  expression  of  TREM2-L  by  neuronal  cells,  we 
used  flow  cytometry  to  stain  Neuro2A  cells  with  soluble  TREM2-Fc  before  and  after  induction 
of  apoptosis  by  staurosporine.  Consistent  with  our  cytochemistry  data,  Neuro2A  cells  bound 
TREM2-Fc  but  not  TREMl-Fc  (Figure  2A).  Notably,  induction  of  apoptosis  in  Neuro2A  cells 
with  staurosporine  resulted  in  a  doubling  of  the  median  fluorescence  intensity  (MFI)  of  TREM2- 
Fc  binding  to  the  Annexin  Vhl  Neuro2A  cells.  These  data  provide  evidence  that  apoptosis 
increases  the  expression  of  TREM2-L  on  neurons,  presenting  a  potential  mechanism  for 
enhancing  their  clearance  by  TREM2+  microglia. 

Specific  Aim  2.  Directly  demonstrate  the  response  of  TREM2  to  ligands  on  neuronal  cells  by 
using  a  reporter  cell  line  specific  for  engagement  of  TREM2. 

TREM2-L  on  neuronal  cells  activate  the  TREM2/DAP12  receptor  complex 

To  determine  if  TREM2-L  on  neuronal  cells  can  functionally  engage  TREM2  and  initiate 
intracellular  signaling,  we  utilized  a  TREM2  reporter  cell  line.  This  was  constructed  from  BWZ 
cells,  a  thymoma  expressing  the  gene  for  (3-galactosidase  under  the  control  of  multiple  copies  of 
the  NFAT  promoter  element.  We  expressed  both  TREM2  and  DAP  12  in  this  line 
(BWZ.TREM2/DAP12  cells),  anticipating  that  functional  perturbation  of  TREM2  by  ligands 
would  lead  to  the  phosphorylation  of  DAP  12  and  the  consequent  activation  of  the  NFAT  reporter 
and  production  of  p-galactosidase. 

We  first  looked  at  stimulation  of  the  BWZ.TREM2/DAP12  reporter  line  by  healthy  or 
apoptotic  Neuro2A  cells.  Untreated  Neuro2A  cells  stimulated  the  BWZ.TREM2/DAP12 
reporter  cell  above  the  PMA  alone  control  (Figure  2B).  Strikingly,  however,  Neuro2A  cells 
treated  with  neurotoxins,  such  as  MPP+  (l-methyl-4-phenylpyridinium),  or  subjected  to  serum- 
starvation,  stimulated  the  reporter  cell  line  even  more  (apoptotic  vs.  untreated  Neuro2A,  /i-value 
=  0.0001),  to  a  level  comparable  to  maximal  excitation  by  PMA  and  ionomycin.  This  response 
was  specifically  mediated  by  TREM2  as  assessed  by  two  means.  First,  BWZ  cells  lacking 
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TREM2  and  DAP  12  did  not  respond  to  healthy  or  apoptotic  neuronal  cells.  Second,  stimulation 
of  the  TREM2/DAP12  reporter  cells  by  Neuro2A  or  apoptotic  Neuro2A  cells  was  partially 
blocked  by  one  of  our  anti-TREM2  mAb  (Clone  78.18)  (black  bars),  but  stimulation  was 
unaffected  by  an  isotype  control  mAb  (rat  IgGl)  (gray  bars)  (p-v alues  of  blockade  <  0.05). 
Stimulation  of  the  reporter  cells  with  the  anti-TREM2  antibody  alone  did  not  induce  activation 
(not  shown).  We  also  attempted  to  block  TREM2  by  using  other  anti-TREM2  mAbs  in  our 
panel,  but  only  Clone  78.18  inhibited  TREM2  activation  (data  not  shown).  These  results  suggest 
that  the  78.18  mAb  may  specifically  block  a  binding  site  engaged  by  TREM2-L.  Alternatively, 
this  mAb  may  inactivate  TREM2  in  a  manner  not  mimicked  by  our  other  mAbs. 

We  next  tested  whether  primary  neurons,  and  particularly  apoptotic  primary  neurons, 
could  also  activate  TREM2.  Ventral  midbrain  neurons  (VMN)  activated  TREM2  and  this 
activity  was  fully  impaired  by  the  anti-TREM2  mAb  (Figure  2B).  Healthy  cortical  neurons  (CN) 
had  less  effect  on  TREM2  stimulation,  although  activation  was  completely  inhibited  with  the 
anti-TREM2  mAb  (p-values  <  0.005)  (Figure  2B).  Like  apoptotic  Neuro2A  cells,  apoptotic 
primary  neurons,  either  cortical  or  from  the  ventral  midbrain,  more  effectively  activated  the 
TREM2/DAP12  reporter  cells,  and  this  activation  was  fully  impaired  by  the  anti-TREM2  mAb 
(p-values  <  0.05)  (Figure  4B).  None  of  the  neuronal  cells  activated  the  parental  BWZ  cell  line 
(Figure  2B,  results  for  ventral  midbrain  neurons  are  shown).  In  addition,  reporter  cell  activation 
required  cell-cell  contact,  because  supernatants  from  apoptotic  neuronal  cells  did  not  activate  the 
BWZ.TREM2/DAP12  reporter  (not  shown).  Thus,  apoptotic  neuronal  cells  bind  to  TREM2,  and 
they  activate  signal  transduction  through  the  TREM2-DAP12  complex. 

Specific  Aim  3.  Using  freshly  prepared  microglia,  examine  the  consequences  of  blocking  ligand 
recognition  by  TREM2  on  the  microglial  response  to  healthy  and  apoptotic  neurons,  as  assessed 
by  both  phagocytosis  and  cytokine  release. 

Phagocytosis  of  neuronal  cells  requires  TREM2 

As  a  model  for  microglial  phagocytosis  of  neurons,  we  studied  the  uptake  of  Neuro2A 
neuroblastoma  cells  by  BV2  microglial  cells.  For  these  studies,  Neuro2A  cells  were  labeled  with 
the  fluorescent  dye  CM-Dil  and  apoptosis  was  induced  by  treatment  with  staurosporine,  a  kinase 
inhibitor.  After  1  h,  about  30%  of  BV2  microglial  cells  engulfed  fluorescent  material  from  the 
Neuro2A  cells  (Figure  3A).  This  did  not  reflect  non-specific  binding,  because  pretreatment  of 
the  BV2  cells  with  2  pM  cytochalasin  D,  a  cytoskeletal  inhibitor,  abrogated  phagocytosis.  To 
confirm  by  microscopy  the  uptake  of  fluorescent  cell  particles  by  BV2  microglia,  images  were 
taken  of  the  effector  cells  (labeled  with  CMFDA,  green)  following  coincubation  with  CM-Dil- 
labeled  Neuro2A  cells.  Untreated  BV2  cells  showed  uptake  of  CM-DiI+  particles,  but  BV2  cells 
treated  with  cytochalasin  D  did  not  (Figure  3A). 

It  has  previously  been  shown  that  TREM2  expression  on  microglia  promotes 
phagocytosis  ( 6 ).  To  confirm  this  in  our  system,  we  used  RNAi  to  reduce  TREM2  expression  in 
BV2  cells  and  compared  phagocytosis  by  these  cells  to  phagocytosis  by  BV2  cells  transduced 
with  a  control  lentivirus  expressing  only  GFP.  Transduction  of  BV2  microglial  cells  with 
shRNA  targeted  to  TREM2  successfully  reduced  the  surface  expression  of  TREM2  by  84%  as 
detected  by  flow  cytometry  (Fig  3B).  BV2  cells  infected  with  the  TREM2  shRNA  lentivirus 
demonstrated  a  dramatic  reduction  in  phagocytosis  compared  to  empty-virus  infected  BV2  cells 
(Figure  3B).  In  BV2  cells  with  reduced  expression  of  TREM2,  the  percentage  of  cells  with 
detectable  phagocytosis  dropped  to  7.5±0.9%  compared  to  untreated  BV2  cells,  which  had 
28.5+1.9%,  or  26.8±2.8%  for  BV2  cells  transduced  with  empty  virus  (p  values  <0.0001  and 
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equal  to  0.0006,  respectively),  indicating  that  TREM2  is  important  for  the  clearance  of  apoptotic 
neuronal  cells  by  BV2  cells  (Figure  3B). 

Phagocytosis  of  neurons  by  microglia  is  inhibited  by  an  anti-TREM2  mAb 

To  determine  if  the  interaction  of  TREM2  with  putative  TREM2-L  on  neuronal  cells  is 
important  for  the  phagocytic  function  of  microglia,  we  performed  phagocytosis  assays  using 
BV2  microglial  cells  in  the  presence  of  the  blocking  TREM2  mAb  or  with  an  isotype  control 
mAb.  BV2  cell  uptake  of  CM-Dil-labeled  apoptotic  Neuro2A  cells  was  diminished  in  the 
presence  of  the  TREM2  mAb,  but  not  with  the  isotype  control  (Figure  4).  Representative  flow 
cytometric  histograms  are  shown  in  Figure  4 A,  and  a  summary  of  multiple  experiments  (n=6) 
examining  the  effect  of  blocking  TREM2  and  TREM2-L  interactions  on  phagocytosis  is  shown 
in  Figure  4B.  Untreated  BV2  cells  or  isotype  control  BV2  cells  showed  comparable  levels  of 
phagocytosis,  38.8±2.9%  and  36.7+2. 1%,  respectively.  Pretreatment  of  the  BV2  cells  with  the 
anti-TREM2  blocking  mAb  decreased  the  number  of  cells  in  which  phagocytosis  could  be 
detected  to  23.7±0.9%,  which  is  32%  less  than  untreated  cells  and  35%  less  than  cells  treated 
with  control  mAb  (p  values  =  0.0049  and  0.0002,  respectively).  Blockade  of  phagocytosis  by  an 
anti-TREM2  mAb  supports  the  hypothesis  that  direct  recognition  by  TREM2  of  its  ligands  on 
neuronal  cells  is  important  for  efficient  phagocytosis  by  microglial  cells.  Blockade  of 
phagocytosis  by  the  anti-TREM2  mAb  is  incomplete,  however.  This  may  be  partially  explained 
by  the  inability  of  the  antibody  to  completely  block  the  activation  of  TREM2  by  its  ligands  on 
Neuro2A  cells  as  shown  in  the  reporter  cell  assays  (Figure  4B).  Alternatively,  other  interactions 
may  contribute  to  microglial  phagocytosis  of  apoptotic  neuronal  cells  in  a  manner  that  is 
independent  of  TREM2. 

Specific  Aim  4.  By  crosslinking  biotinylated  F(ab’)2  anti-TREM2  mAb  on  microglia,  define  the 
responses  by  microglia  to  TREM2  alone  and  in  combination  with  LPS. 

Crosslinking  anti-TREM2  on  the  surface  of  microglia  does  not  elicit  a  cytokine  response  and 
does  not  modulate  the  response  to  LPS. 

Results  from  these  studies  were  negative.  We  first  attempted  to  crosslink  anti-TREM2 
with  rabbit  and  goat  antibodies  to  rat  fg.  Here  we  encountered  the  problem  that  the  secondary 
antibody  alone  stimulated  the  production  of  TNFa,  even  when  we  used  F(ab’)2  fragments  to 
avoid  crosslinking  Fc  receptors.  We  therefore  instead  biotinylated  anti-TREM2  mAb  and 
crosslinked  it  on  the  cell  surface  using  either  soluble  avidin  or  avidin  coupled  to  beads.  This 
solved  the  problem  of  background — avidin  alone  did  not  stimulate  microglia — but  we  found 
little  or  no  cytokine  response  to  anti-TREM2,  and  anti-TREM2  did  not  affect  TNFa  production 
in  response  to  LPS. 


6 


Seaman,  William  M.D.  W81XWH-05-2-0094 


Specific  Aim  5.  Test  the  consequences  of  exposure  to  LPS  on  the  microglial  response  to  healthy 
and  apoptotic  neurons,  with  or  without  blocking  of  TREM2. 

TNFa  production  from  microglia  in  response  to  LPS,  and  this  is  suppressed  by  apoptotic  but  not 
fresh  neuronal  cells  in  a  manner  that  appears  independent  ofTREM2 

To  determine  whether  TREM2  affected  production  of  the  proinflammatory  cytokine 
TNFa,  we  compared  cytokine  production  from  wildtype  microglia  and  microglia  derived  from 
TREM2  knockout  mice  (an  approach  that  became  possible  only  at  the  end  of  the  grant  period, 
when  we  obtained  these  mice  from  Marco  Colonna  at  Washington  University,  St.  Louis). 
Purified  microglia  were  cocultured  with  either  apoptotic  Neuro2A  cells  or  untreated  Neuro2A 
cells  for  8h,  and  supernatants  were  assessed  for  TNFa  production  using  Bioplex  cytokine  assays. 
Apoptotic  neuronal  cells  alone  did  not  stimulate  TNF  responses,  whereas  untreated  neuronal 
cells  induced  low  levels  TNFa  response  (Figure  5). 

LPS  (1  mg/ml)  induced  microglia  to  secrete  TNFa  and,  interestingly,  apoptotic  neuronal 
cells  partially  suppressed  this  response  at  8h,  whereas  normal  neuronal  cells  amplified  the  TNF 
response  (results  not  shown).  Apoptotic  cells  thus  attenuate  the  inflammatory  response  by 
microlgia  to  LPS.  This  effect  seemed  independent  of  TREM2,  as  similar  results  were  obtained 
using  microglia  from  mice  genetically  deficient  in  TREM2  This  result  was  unexpected,  since 
previous  reports  have  shown  that  TREM2  inhibits  TNFa  transcription,  and  that  TREM2  in 
macrophages  diminishes  the  TNFa  response  following  TLR  stimulation.  It  is  possible  that 
multiple  receptors  recognize  apoptotic  neurons  and  may  be  redundant  in  their  ability  to  suppress 
the  inflammatory  response.. 


KEY  RESEARCH  ACCOMPLISHMENTS 

1 .  Neurons,  especially  apoptotic  neurons,  express  functional  ligands  for  TREM2. 

2.  Recognition  of  TREM2  ligands  on  apoptotic  neurons  facilitates  efficient  phagocytosis  by 
microglia. 


REPORTABLE  OUTCOMES 

Manuscript:  Hsieh,  CL,  M  Koike,  S  Spusta,  E  Niemi,  M  Yenari  ,  MC  Nakamura,  and  WE 
Seaman.  Manuscript  submitted.  “A  Role  for  TREM2  Ligands  in  the  Phagocytosis  of  Neuronal 
Cells  by  Microglia” 

Grant:  These  studies  provided  the  preliminary  data  for  a  grant  to  Dr.  Seaman  in  response  to 
USAMRMC  proposal  PT075679.  The  grant  is  “The  Role  of  Microglial  Subsets  in  Regulating 
Traumatic  Brain  Injury,”  Award  Number  W81XWH-08-2,  funded  July  1,  2008  to  June  30,  2012. 
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CONCLUSION 

Our  studies  indicate  that  expression  of  TREM2  on  microglia  facilitates  the  phagocytosis 
of  neuronal  cells  through  the  direct  recognition  of  TREM2-L  on  apoptotic  neuronal  cells.  When 
neuronal  cells  undergo  apoptosis,  they  increase  the  expression  of  TREM2-L  with  a 
corresponding  increase  in  their  phagocytosis  by  BV2  cells,  which  is  blocked  at  least  in  part  by 
antibody  to  TREM2. 

The  engulfment  of  apoptotic  cells  is  essential  in  the  CNS  to  clear  cell  debris  without 
eliciting  an  inflammatory  response  (5).  Our  colleagues  and  others  have  shown  that  TREM2  on 
macrophages  can  inhibit  inflammatory  responses  induced  by  TLR  ligands  or  during  EAE  (3,  9). 
In  microglia,  it  has  been  demonstrated  that  TREM2  promotes  phagocytosis  without  upregulation 
of  antigen  presentation  molecules  or  TNFa  transcripts  (6).  Taken  together,  these  data  suggest 
that  in  the  CNS,  TREM2  on  microglia  mediates  a  phenotype  characterized  by  phagocytosis  and 
non-inflammatory  effect.  We  show  here  that  the  promotion  of  phagocytosis  by  TREM2  is 
controlled  in  part  by  TREM2  ligands  that  are  upregulated  on  apoptotic  neurons.  We  have  not 
found,  however,  that  recognition  of  TREM2  ligands  on  apoptotic  neurons  is  necessary  for  their 
suppression  of  the  inflammatory  response  by  microglia. 

Beyond  the  implications  of  our  findings  for  traumatic  brain  injury,  the  control  of 
microglial  responses  by  TREM2-L  could  also  have  important  implications  for  regulating 
inflammation  and  its  associated  damage  in  Parkinson’s  disease,  Alzheimer’s  disease,  and 
multiple  sclerosis.  With  regard  to  Alzheimer’s  disease,  TREM2  was  found  to  be  specifically 
upregulated  in  amyloid  plaque-associated  microglia  in  APP23  transgenic  mice.  Further  studies 
are  warranted  to  examine  the  function  of  microglia,  TREM2,  and  TREM2-L  in  Alzheimer’s 
disease  (10). 

In  sum,  our  data  suggest  that  TREM2  is  a  phagocyte  receptor  that  is  stimulated  by  an 
unknown  “eat-me”  signal  on  apoptotic  neurons.  The  nature  of  the  ligands  for  TREM2  on 
apoptotic  neurons,  however,  has  not  yet  been  identified.  Characterization  of  TREM2-L  will 
greatly  facilitate  studies  about  TREM2  and  its  role  in  the  CNS.  In  the  meantime,  understanding 
the  mechanisms  by  which  TREM2-L  regulate  microglial  activity  may  prove  important  to 
ameliorate  brain  injury  as  well  as  inflammatory  neurodegenerative  diseases. 
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APPENDICES  (figures  attached) 


TREM2-FC  TREMI-Fc 


Neuro2A 
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neurons 


Figure  1.  Neuronal  celts  express  a  potential  Ugpjjdfor  TREM2. 

Neuro2A  (top),  primary  cortical  neurons  (middle),  and  primary  ventral  midbrain  neurons  (bottom)  were  cultured  and 
stained  for  TREM2-L  expression  by  using  a  soluble  TREM2-Fc  fusion  protein.  All  neuronal  cells 

examined  express  putative  UgMdS  for  TREM2  (brown),  but  not  for  TREM1  (right  column). 
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Figure  2.  Apoptosis  increases  the  expression  of  functional  TREM2-L  on 
neuronal  cells. 

(A)  TREM2-L  expression  was  quantified  by  flow  cytometry  before  (left)  and 
after  (right)  induction  of  apoptosis  in  Ncuro2A  cells  by  The 

MM  ofTREM2-Fc  or  TREMl-Fc  binding  in  each  gate  of  density  plots  is 
shown  at  the  top.  Apoptotic  NeurolA  cells  increase  expression  of  TREM2-L 
by  3-4  fold,  but  do  not  i  nduc  c  expr cssio  n  of  TREM  1  -  L  ( a=3)  .(B)  N  eu  ran  a  I 
cells  activate  TREM2/BAP12  signal  transduction  as  assessed  by 
B  W  Z .  TREM  2 / DA P 1 2  reporter  cells.  Healthy  Neuro2A  cells  induce  a  modest 
level  of  cellular  activation  in  the  BWZTRLM2/DAP12  cell  line  and  this  is 
increased  to  near- maximal  levels  when  the  Ncuro2A  cells  are  apoptotic  as 
induced  by  MPP  (top  panel).  thc  cells  with  a  blocking 

TREM2  mAb  (black  bars),  but  not  with  a  control  rat  IgGl  mAb  (gray  bars), 
partially  reduces  cellular  activation  in  response  to  both  untreated  Ncuro2A  and 
apoptotic  Ncuro2A.  Ventral  midbrain  levels  elicit  similar  responses  (third 
panel),  while  cortical  neurons  arc  somewhat  less  effective  but  nonetheless 
Stimulatory  following  apoptosis  (second  panel).  BWZ.TRBM2/DAP12 
reporter  cell  activation  in  response  to  primary  neurons  was  effectively  blocked 
with  the  TREM2  mAb.  None  of  the  neuronal  cells  activate  the  parental  BWZ 
reporter  cell  line  (representative  results  for  ventral  midbrain  neurons  arc  shown 
in  the  bottom  graph).  <0.05,  **gdfa!j«?<  0-005,  ***&;V0i5Js:  < 

0.0005). 
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Figure  3.  Efficient  of  neuronal  cells  requires  TREM2. 

(A)  of  apoptotic  Neuro2A  cells  (>50%  Aimmtl  V+)  by  BV2  cells,  assessed  by  flow  (left  two  panels)  or 

fluorescence  microscopy  (right  two  panels).  BV2  cells  arc  labeled  with  CMFDA  (green)  and  with  apoptotic  Ncuro2A  cells 

(red-yellow).  is  inhibited  by  D  in  both  assays.  (B)  of  Neuro2A  cells  is  reduced  in  BV2  cells 

following  RMAi  against  TREJV12.  BJNAl  reduces  the  expression  of  TRE1V12  by  84%  (left)  and  reduces  the  percent  of 

cells  with  detectable  pfegg^yM!^  to  1 1%  from  32%  for  cell  tmasducgri  with  empty  virus  as  shown  by  representative  histograms  (right). 
Quantification  of  3  experiments  shows  that  pMgp.Q:t.Q.5.i,S  by  BV2  cells  deficient  in  TREM2  is  reduced  to  7.5  ±  0.9%  from  28.5  ±  1.9%  for 
untreated  cells  and  from  26.8  ±  2.8%  for  cells  with  empty  virus  (***^-v|:)us  s  0.0006)  (bottom). 
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Figure  4,  Efficient  of  neuronal  cells  requires  TREM2-L  recognition. 

A  mAh  to  TREM2  partially  inhibits  nM.gmyiM!,S  of  apoplotic  Neuro2A  cells  by  BV2  mMOgjfe.  (A)  An  example  of  the  effect 
ofanti-TREM2  on  pha&pcytosis,  showing  a  reduction  of  cells  with  detectable  from  38%  to  25%,  (B)  Summary  of 

6  experiments,  showing  a  reduction  to  23,7  ±  0,9%  of  effector  cells  engulfing  targets  compared  to  untreated  (34,8  ±  2,9%)  and 
control  mAh  (36,7  ±  2,1%)  treated  BV2  cells.  The  TREM2  mAh  partially  decreases  by  32-35%,  (**$-y&Ulg 

=0.005,  ***jB;YalUS=Q-0002). 
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Figure  5*  Apoplotic  neuronal  cells  suppress  TNF  secretion  from  LPS-treated  mkluslM'  - 

Neonatal  tftMOgJfe  isolated  from  mJ^iypg.  C57BL/6  mice  or  from  TREM2-/-  mice  were  cmUmiM  with  apoptotic  Neuro2A 
(apopNIA),  untreated  Neuro2A  (N2A),  or  in  combination  with  LPS  (1  pg/ml).  Supernatants  were  obtained  after  Sh  and 
measured  for  TNF  using  a  BiQ,pJl.K  cytokine  assay.  In  the  presence  of  LPS,  apopN2A  suppressed  TNF  secretion,  while  normal 
N2A  cells  amplified  the  cytokine  response.  The  suppression  of  TNF  by  apopN2A  is  independent  of  TREM2  since  no 
significant  differences  between  mLfe^  and  TREM2-deficient  microglia  were  detected. 
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